Development of catalysts for the addition of N-H and O-H to carbon-carbon double bonds by Taylor , Jason Guy & Taylor , Jason Guy
 DEVELOPMENT OF CATALYSTS FOR THE 
ADDITION OF N-H AND O-H TO CARBON-CARBON 
DOUBLE BONDS 
 
A DISSERTATION FOR THE DEGREE OF DOCTOR OF 
PHILOSOPHY 
FROM IMPERIAL COLLEGE LONDON 
BY 
JASON GUY TAYLOR 
MARCH 2008 
 
DEPARTMENT OF CHEMISTRY 
IMEPERIAL COLLEGE LONODN 
 
 
 
 
 
 
 
 
 
 
Copyright Notice  
 
Imperial College of Science, Technology and Medicine  
Department Of Chemistry 
 
DEVELOPMENT OF CATALYSTS FOR THE ADDITION OF N-H AND O-H TO 
CARBON-CARBON DOUBLE BONDS 
 
© 2008 Jason Guy Taylor  
jason.taylor@imperial.ac.uk  
This publication may be distributed freely in its entirety and in its original form without the 
consent of the copyright owner.  
 
Use of this material in any other published works must be appropriately referenced, and, if 
necessary, permission sought from the copyright owner.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Published by: Jason Guy Taylor  
Imperial College London 
Department of Chemistry 
Imperial College London 
South Kensington 
SW7 2AZ 
 
 
April 2008 
 
www.imperial.ac.uk/ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
I confirm that this is my own work and where reference is made to other 
research this is referenced in text. 
 
............................................................................................................... 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Acknowledgements 
First and foremost, I would like to express my sincerest thanks to my supervisor Dr 
Mimi Hii for giving me the opportunity to work on a challenging and interesting project. 
There are not enough words to express my deep appreciation for her encouragment and 
tireless dedication to supporting me towards achieving my PhD. The guidance she gave me 
during the three-year training of my PhD, her valuable assistance and eternal enthusiasm 
are greatly appreciated. I would especially like to acknowledge her ever-present availability 
throughout my study.  
 
I would like to express my gratitude to Dr Neil Whittall (GlaxoSmithKline) for his 
practical advice, encouraging comments and support during my years of study. Thanks also 
goes to Leo, Steve E, Steve S, Mike and Jerome for their help and advice during my 
industrial placement at GlaxoSmithKline. I wish to thank the whole staff of the Process 
Chemistry Department and Mike from the Strategic Technologies Centre at 
GlaxoSmithKline, Tonbridge for providing a pleasant and inspiring work environment.  
 
I wish to express my thanks to my co-workers and all members past and present of 
the K.K.H group for their friendship and support during my time in the lab (Dr. Alison 
Shearer, Dr. Emma Cropper, Dr. Andrewie Pim Huat Phua, Dr. Meritxell Guino, Warda 
Muse, Ming Jun, Alpa Patel, Amal Mohd Dahl, Louisa Quek, Ping Yuen, Xizhu Liu, Alex 
Smith, Dr. Luis Angel Adrio, Laura Taylor and Jannine Arbour). I wish all of you still 
working towards your PhD the best of luck. I would also like to extend my thanks to the 
chemists from the other research groups at Imperial College (Chung Hunsuk, Linda, Anita, 
Rachel, Russell, Juri, Yunus and Lee) for their friendship and generosity in providing 
chemicals when my supply was insufficient. 
 
Thanks go to Mr. John Barton, Mr Richard Sheppard and Mr Peter Haycock for 
providing excellent Mass Spectrometry and NMR services, and Stephen Boyer at London 
Metropolitan University for microanalysis. I am also indebted to Dr Andrew White for 
determining the X-Ray structure presented in this thesis. 
 
This section would not be complete without thanking my mother. Dearest mother, 
from the bottom of my heart, I know that whatever I am today is all because of your love 
and sacrifice. Thank you for your support, interest, and encouragement and for allowing me 
to pursue my ambitions and studies without pressure. 
 Apologies to family and friends for being so elusive during the production of this 
thesis. I appreciate your understanding and support during this difficult period. Special 
thanks go to my close friends Fidel, Bionnika, Mohson, Talia, Lauren and Luiz for keeping 
me motivated and for helping me to have some form of social life.   
 
The financial support provided by the EPSRC and GlaxoSmithKline is very much 
appreciated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
The addition of O-H and N-H bonds across carbon-carbon double bonds offers a direct way 
of synthesising a variety of organic molecules. These reactions have attracted considerable 
interest in academic research and the chemical/pharmaceutical industry in recent years due 
to its atom economy. Nevertheless, there remains a considerably challenge to control the 
regioselectivity and the stereoselectivity of this reaction. 
 
This PhD thesis describes the investigation into the discovery and development of a general 
method for catalytic hydroamination (HA), hydroalkoxylation and hydrooxyacylation of 
olefins. Air- and moisture-stable transition metal catalysts were the main focus of this 
study. 
 
The introductory Chapter provides an overview of recent advances in N-H addition 
reactions involving late transition metal catalysts.  
 
In Chapter 2, rhodium and ruthenium complexes were examined as catalysts for the 
addition of N-H bonds to alkenes. The combination of (RuCl2)n/dppb/AgOTf generated a 
catalyst effective for the addition of methyl carbamate to norbornene in  a modest yield. 
Copper (II) trifluoromethanesulfonate was discovered to be an efficient catalyst for the 
addition of carboxylic acids, phenols and alcohols to norbornene. A selection of norbornyl 
esters and ethers were formed in good to excellent yields. 
 
In the following Chapter, the combination of copper (II) trifluoromethanesulfonate and 
diphosphine ligands was successfully applied to the addition of sulfonamides and 
carbamates to vinylarenes, 1,3-dienes and norbornene in good to excellent yields. 
 
In Chapter 4, the intramolecular hydroamination reaction was developed. The synthesis of 
several acyclic precursors were described, along with attempts to cyclise them. The chapter 
ends with the attempted synthesis of tricyclic molecules using a palladium-catalysed 
methodology. 
 
The last Chapter contains experimental procedures and characterisation data of all the 
compounds synthesised during the course of this project. 
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CHAPTER ONE 
 
INTRODUCTION
 Hydroamination Reactions Catalysed by Transition-Metals  
 
1.1 General Introduction 
 
Amines and their derivatives (e.g., amides, carbamates, sulfonamides and 
hydroxylamines) are wide spread in nature and are of great importance to the chemical 
industry.1-3 Several million tons of amines are produced worldwide per year and are 
frequently utilised as starting materials or intermediates in the synthesis of pharmacological 
agents, fine chemicals and dyes.1  
 
Nucleophilic substitution of potential leaving groups at sp3 carbons by ammonia and 
amines usually result in mixtures of primary, secondary and tertiary amines, as well as 
quaternary ammonium salts. Classical methods for amine synthesis include reduction of 
nitrogen-containing functionalities in higher oxidation states (e.g. nitriles, azides, imines, 
nitro and nitroso compounds), reductive-amination of carbonyl compounds and 
aminoalkylation. Among these methods, reductive amination is the most atom-efficient 
process, employing versatile inexpensive starting materials. 
 
The addition of an N-H bond across carbon-carbon multiple bonds, can proceed via 
a hydroamination (HA) or an oxidative-amination pathway, giving rise to amine and 
enamine products, respectively (Scheme 1).2  
R
R
H
N
R3R2
R
N
H R2
R3+ +
Linear ProductBranched Product
HNR2R3
R + HNR2R3
R
H
N
R3R2
R
N
H R2
R3+
Linear ProductBranched Product  
Scheme 1: Hydroamination of carbon-carbon multiple bonds. 
The Hydroamination reaction is a fundamentally simple transformation, which 
proceeds with 100 % atom efficiency and without waste formation, offering environmental 
and economical benefits to the chemical and pharmaceutical industry.1 The regio and 
stereo-selective synthesis of branched and linear amines by the HA reaction is an attractive 
transformation for industrial applications. Control of the regioselectivity is important, as 
2 
 
both branched and linear products are of value in organic synthesis.1 Controlling the 
stereochemistry of this apparently simple reaction can be challenging, particularly for 
unsymmetrical alkenes, where two different enantiomeric products can be formed. 
Enantioselective catalytic HA of alkenes has been reviewed by Muller and Roesky3 in 2003 
and more recently by Hultzch4, 5 in 2005. A variety of catalysts have been investigated, 
including Brønsted bases/acids6-8, alkali metals6, 9, transition metal (TM) complexes10-13 and 
lanthanide metals14, 15. In the last decade the early TM’s (groups 3−5) and late TM’s 
(groups 8−10) have been applied extensively as catalyst for the HA reaction. Generally, late 
TM’s offer the advantage of greater functional group tolerance and the early TM’s are 
characterised by their ubiquitous availability and greater activity. The last comprehensive 
review of HA catalysis was published by Beller in 1998,16 and since this time specific 
reviews covering TM’s1, 2, 17-19 and lanthanide metals20, 21 have appeared in recent years. In 
the past decade, there has been an abundance of publications in the area of catalytic HA 
reactions. In the following sections, the salient TM-catalysts published from 1997-2007 will 
be highlighted. The focus will be on trends across the series with respect to substrate types, 
reaction conditions and selectivity. 
 
1.1.1 Feasibility and Challenges of the Hydroamination Reaction 
 
There are substantial thermodynamic and kinetic barriers that inhibit the 
uncatalysed HA reaction. The high activation energy barrier associated with the HA 
reaction is due to the incompatibility of the π(C=C) and the σ(N-H) bonds, which have 
different energies and orbital symmetries.22  In addition to the prevention of a HOMO-
LUMO overlap, the [2+2] cycloaddition is further hindered by the electrostatic repulsion of 
the amine’s lone pair of electrons approaching the electron-rich multiple bond.22 
 
The thermodynamic feasibility of the HA reaction between ethylene and ammonia 
has been studied (Table 1).22  
Table 1: Thermodynamic data for the hydroamination of ethylene. 
Reaction ∆RGο[kJ/mol] ∆RHο[kJ/mol] ∆RSο[J/mol .K] 
C2H4 + NH3 ↔ EtNH2 -14.7 -52.7 -127.3 
C2H4 + EtNH2 ↔ Et2NH -33.4 -78.7 -152.2 
C2H4  + Et2NH ↔ Et3N -30.0 -79.5 -166.3 
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The enthalpies of the HA reaction was predicted from bond dissociation energies of 
model substrates, where the reaction enthalpies were found to be slightly exothermic. The 
entropy for this reaction in solution has been estimated from differences in translational 
entropy upon formation of a 1:1 adducts. The data is encouraging as the HA reaction has 
negative ∆Gο which favours product formation (Equation 1).  
At equilibrium:  pKRTG ln−=∆ Ο      Equation 1 
However, the reaction is also associated with a large negative reaction entropy, which will 
disfavour the HA reaction at higher temperatures, which are often necessary for the reaction 
to overcome the inherently large activation energy barrier. 
In 2006 Hartwig et al. reported direct measurements of equilibrium constants for 
addition of aromatic amines with vinylarenes.23 It was shown that the palladium-catalysed 
addition of N-methylaniline to styrene is nearly ergoneutral (Scheme 2). The experimental 
data showed that the HA reaction proceeds slightly exothermically and that ∆Gο and ∆Sο 
values are negative, thus following the trend for the calculated thermodynamic values 
(Table 1) originally reported by Steinborn and Taube.22 
Ph
Ph
2 mol% [(tBuXantphos)Pd(OTf)2]
              toluene-d8, 80oC
+
NHMe
N
2 mol% [CpPd(η3-allyl)]/tBuXantphos/TfOH
                  toluene-d8, 80oC  
∆RGο[kcal/mol]                        ∆RHο[kcal/mol]                      ∆RSο[cal/mol.K] 
-0.28                                           -10.0                                      -27.0 
Scheme 2: Pd-catalysed addition of N-methylaniline to styrene and thermodynamic data. 
 
The relationship between the steric properties of the aniline with the equilibrium 
constants was evaluated by comparing the Pd-catalysed addition of N-methylaniline and m-
anisidine to styrene (Table 2). For the addition of p-anisidine to styrene, the equilibrium 
constant was found to be greater than for the less sterically hindered N-methylaniline 
(entries 1 and 2). Addition of N-methylaniline to electron-poor vinylarenes occurred in 
higher yields than additions to electron-rich vinylarenes (entries 2 and 3). In this case, the 
equilibrium constant for addition of N-methylaniline to 2-vinylnaphthalene (entry 3) was 
similar to the equilibrium constant for the addition of N-methylaniline to styrene (entry 2). 
Therefore, it was concluded that the electronic effect on this reaction is almost purely a 
result of kinetic, not thermodynamic, factors.  
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Table 2: Thermodynamics of Hydroamination.a 
Entry Olefin Amine Yield
/% 
Equilibrium  
Constant [M-1] 
∆RGο
[kcal/mol] 
1 Ph  OMeH2N 96 155 ±1 -3.54 ±0.01 
2 Ph  MeHN
 
99 1.5 ± 0.1 -0.28 ±0.05 
3 Np  MeHN
 
46 1.30 ± 0.01 -0.18 ±0.01 
a Catalyst composition: Forward: 2 mol % tBuXantphosPd(OTf)2. 
Backward: 2 mol % CpPd(η3-allyl)/tBuXantphos/HOTf. 
 
Under certain conditions, direct (uncatalysed) nucleophilic addition of amines can 
proceed at electron deficient (activated) π-systems containing neighbouring functional 
groups such as keto, ester, nitrile, sulfoxide and nitro.24-28 These reactions occur exclusively 
at the β-position and are sometimes referred to as aza-Michael additions (Scheme 3).29, 30 
R
X
α
β
R
X
αβ
X = COR (R = alkyl, aryl or H),   X = SO2R (R = alkyl, aryl),  X = CN, X = NO2
+ HNR2R3
N
R2 R3
 
Scheme 3: aza-Michael Reaction. 
 
Addition of less reactive amines can proceed efficiently using Brønsted acids (e.g. 
H2SO4,31  HCl,32, 33 acetic acid,34, 35 boric acid36 or bis(trifluoromethanesulfon)imide37, 38) as 
catalyst. Despite this, a multitude of catalysts for the aza-Michael reactions leading to 
achiral products continues to be developed. Several group 7-11 TM salts (e.g., Re, Fe, Ru, 
Rh, Pt, Pd, Au, Os and Cu) in high oxidation states were shown to be effective catalysts for 
additions of carbamates 1 to enones 2 (Scheme 4).39 Subsequently, Spencer et al. identified 
generation of Brønsted acids from TM salts, implicating that protons were catalysing these 
reactions.40 On the other hand, simple and cheap organic bases can also facilitate these 
additions in almost quantitative yields.41, 42 In light of this fact, this review will focus more 
on TM-catalysts that can induce formation of optically active aza-Michael addition 
products. 
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Ph
O
Ph
O N
            [TM]
         10 mol%
      DCM , rt, 2-6h
Cbz
O
NHR
O
Cbz
[TM] = ZrCl4,  70% Yield,                 [TM] = OsCl3.3H2O,  96% Yield     [TM] = ReCl5, 96% Yield,          
[TM] = RuCl3.nH2O,  78% Yield       [TM] = Fe(ClO4)3 88% Yield,         [TM] = RhCl3.3H2O , 94% Yield
[TM] = PdCl2(CH3CN)2 95% Yield,  [TM] = IrCl4.nH2O , 100% Yield     [TM] = AuCl3.2H2O 91% Yield, 
[TM] = PtCl4.5H2O , 82% Yield
R
1 2
3
 
Scheme 4: TM-catalysed 1,4-conjugate addition of carbamates to enones.  
1.1.2 Reactant Classifications 
 
There is a variety of N-H reactants that can react with a diverse range of unsaturated 
molecules (Table 3).  
Table 3: Reactants which may be employed in the HA/Hydroamidation reaction. 
Entry N-H Reactants Entry Olefins 
1 
NH
R
EWG/EDG
Aromatic amine
 
6 R
R
R
R
1,3-Diene
R = Alkyl, Aryl, H
Vinylarene
R = Alkyl, Aryl, H
R
R
R
or
2 R NH2
O
Amide
R = Alkyl, Aryl  
7 
R
CN
Cyanoolefin
R = Alkyl, Aryl  
3 O NH2
O
R
Carbamate
R = Alkyl, Aryl  
8 
R R1
O
α
β
α,β-Unsaturated carbonyl
R = Alkyl, Aryl, H
R1 = Alkyl, Aryl, H, OR, NHR  
4 R
S
NH2
O O
Sulfonamide
R = Alkyl, Aryl  
9 
R
O
R
Enolether
R = Alkyl, Aryl  
5 
R, R1 = Alkyl, Aryl, H
R
H
N
OR1
Hydroxylamine derivatives 10 
Norbornene  
 
• The nitrogen substrates most commonly employed are the aliphatic and aromatic 
amines. The electronic density and basicity of an aliphatic amine can be tuned via 
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the inductive effect of further N-alkyl substitution. For arylamines, substitution of 
the phenyl ring permits alteration of the electronic property of the amino group 
(entry1). The consequence of steric hindrance can be evaluated by introducing 
substituents at the ortho-position.   
 
• The addition of weakly nucleophilic and weakly basic amides, carbamates and 
sulfonamides (entries 2 to 4) is sometimes referred to as hydroamidation reactions. 
The lone pair of electrons on the nitrogen can resonate in to the adjacent carbonyl or 
sulfonyl group thus rendering the nitrogen less nucleophilic. Consequently, the N-H 
bonds in these substrates are more acidic than their amine counterparts.   
 
• The final class of nitrogen nucleophiles are the hydroxylamines and their derivatives 
(entry 5). These compounds are seldom employed in the HA reaction but their 
products offer a route to useful aziridines and β-aminocarbonyl compounds. 
 
• Alkene substrates maybe divided in to two main classes: non-activated and 
activated. Non-activated alkenes include simple acyclic and cyclic aliphatic mono-
olefins. Conjugated olefins are considered to be activated and include 1,3-dienes, 
vinylarenes, α,β-unsaturated carbonyl and cyano compounds (entries 6 to 8). The 
term “activated” can be ambiguous and has different connotations depending on the 
mode of addition. For example, a mechanism proceeding via generation of a carbo 
cation would encompass any conjugated alkene which is able to stabilise the formal 
positive charge (e.g. 1,3-dienes and vinylarenes). The α,β-unsaturated carbonyl and 
cyano compounds are considered activated towards nucleophilic attack because the 
β-carbon is δ+.   
 
• The electron rich enol-ethers are alkenes with an alkoxy substituent (entry 9). The 
oxygen atom may donate electrons to the double bond and form an oxonium ion, 
which allows these substrates to behave as nucleophiles.    
 
• Finally, the highly strained ring systems such as norbornene (entry 10) can also be 
considered as being activated.  Ring strain energy may be defined as the 
destabilisation or increase in energy created upon ring closure of an acyclic 
molecule.43 For norbornene, this was experimentally found to be 19.2 kcalmol-1 (cf. 
cyclohexene -0.3 kcalmol-1).44  
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1.2 Group 3 Metal Catalysts 
 
Scandium and yttrium, alongside the elements from lanthanum to lutetium, are 
known as rare-earth metals. Lanthanide HA catalysts were first reported by Marks, Stern 
and Gagne in 199245 and the progress made in the following decade was documented in a 
review article.46 Early examples of group 3 complexes were comprised mainly of  neutral 
and anionic compounds, but cationic complexes have appeared in the literature at a 
relatively steady rate in recent years.47 HA catalysts based on group 3 complexes have more 
frequently been developed for the cyclisation of aminoalkenes. Amongst the few 
intermolecular examples, scandium and yttrium complexes have mainly been employed as 
Lewis-acid catalysts for the conjugate addition of nitrogen nucleophiles to α,β-unsaturated 
carbonyl compounds.  
 
1.2.1 Intramolecular Cyclisations 
 
Scandium and yttrium HA catalysts are often coordinated by diamine ligands and 
their tendency to activate the amino group by forming a putative amido species is 
characteristic for these catalysts. A general catalytic cycle for the cyclisation of amino-
alkenes is shown in the scheme below (Scheme 5). The first step for the catalytic cycle is 
believed to be formation of an amido complex I. The metal centre can then coordinate the 
pendent alkene to give a “chairlike” four-membered transition state II. Finally, alkene 
insertion in to the M-N bond III, followed by an intramolecular proton transfer liberates the 
heterocyclic product IV. 
8 
 
    
N
H
L2M
H2
NL2M
NH
NH2
L1
NH2
I
II
III
IV
NH
ML2
M
L1
N N
N N = L2  
Scheme 5: Postulated mechanism cyclisation of amino-alkenes. 
 
Two different scandium catalysts were applied to the intramolecular HA of amines 
to aminoalkenes 4a and 4b-d to form heterocycles 5a and 5b-d (Scheme 6).48, 49  Both 
catalytic systems are active for intramolecular additions of primary amines to terminal 
double bonds. The neutral Sc(III)-chelated diamide complex 6a was shown to be an 
effective catalyst for diastereoselective intramolecular alkene HA involving primary 
amines. In contrast, the cationic scandium catalyst 6b was unselective and relatively slower 
than the neutral scandium catalyst. Studies of neutral versus catalyst with a formal charge 
have implied that this is the critical factor for catalyst activity.  
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N N
Sc
N
TMSTMS
NH2
NH
5 mol %
C6D6, 60 oC, 1.5h
n =1, 2
>95% Yield
1 : 49 de
Sc
N
N
Bu
Bu
Ar
Ar
t
t
Me H3CB(C6F5)3
NH2
NH5 mol %
C6D6, 65 oC, 24-96h
n =1, 2
50 - 95% Yield
R R
R = Me (b), Ph (c), H (d)
4a
6a
5a
4b-d
6b
5b-d
n
n
n
n
 
Scheme 6: Scandium-catalysed intramolecular HA reaction. 
 
Livinghouse et al. reported direct metalation of yttrium with a variety of achiral and 
chiral ligands, for applications in the intramolecular HA reaction (Table 4).50, 51 Among 
these, catalyst 7a afforded heterocyclic products 8a and 8b with the best conversions and 
diastereoselectivities (entry 1). Asymmetric catalysis was only demonstrated by the 
cyclisation of 2,2-dimethyl-pent-4-enylamine, where the proline-derived 7b and the 
thiophosphinic amidate 7a complexes afforded modest ee’s up to 61% (entries 2 and 3).  
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Table 4: Yttrium-catalysed intramolecular HA reaction. 
Entry Reactant Catalyst Product 
1 NH2
 
 
N
N
Y
P
P
N(TMS)2
Pr
S
iPr
Pr iPr
S
C6D6, 60 oC, 2h5 mol %
i
i
7a 
NH NH
>95% Conversion
8a : 8b 
     de  16 :  1 
2 NH2
 
 
N
N
Y
P
P
N(TMS)2
Pr
S
iPr
Pr iPr
S
C6D6, 25 oC, 18h5 mol %
i
i
 
7a 
NH
 
8c 
95% Yield 
61% ee 
3 
NH2  
 
NH
NH
Y N(TMS)2
N
N
5 mol %
C6D6, 25 oC, 22hh  
7b 
NH
 
8c 
95% Yield 
56% ee 
 
Yttrium complexes generated in situ from [Y(N(TMS)2)3] and chelating diamine 
ligands 10a-c, were employed in the stereoselective intramolecular HA of amino alkenes 
9a-d (Scheme 7).52 The catalyst underwent immediate and apparently quantitative 
liberation of (TMS)2NH with amino alkenes during the HA reaction. Heterocyclic products 
11a-d was formed with excellent conversions and diastereomeric ratios were lowest for the 
2,2-disubstituted aminoalkenes 9c-d.  
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NH
n = 1(a), 2(b), 3(c)
>95% Conversion
d.r 9:1
NH2
NH
5 mol %
C6D6, 60-125 oC, 5h
>95% Conversion
d.r 1.5:1
R R
R = Me (c), H (d)
NH2
NH
>95% Conversion
d.r. 5:1
9c-d
10
11a
11b
11c-d
[Y(N(TMS)2)3]
n
5 mol %
NH2
9b
9a HNNH ArAr
 
Scheme 7: Yttrium-catalysed intramolecular HA reaction. 
Trifonov et al. developed  asymmetric yttrium-tris(amide) 12 and yttrium-ate 13 HA 
catalysts for the intramolecular cyclisation of 14a-d  to 15a-d (Scheme 8).53 The first 
catalyst 12 consists of a complex anion resulting from coordination of two (R)-
binaphthylamine ligands to the yttrium atom and a discrete [Li(thf)4]+ counterion. The 
neutral yttrium ate complex 13 is coordinated with one chelating ligand and proved to be 
more active and enantioselective than the anionic catalyst, thus indicating that different 
active species are involved. Generally, formation of 5-membered rings was more facile than 
6-membered rings and the stereoselectivities ranged from poor to moderate (18-68%).  
R1R
NH2
NH
12: 50 - 100% Conversion,18-68 %eeR
R1
R, R1 = Me (a), Ph (b), Cyclohexane (c), Cyclopentane (d)
N
N
Y
N
N
Li(THF)4
iPr Pr
iPr Pr
N
N
Y
iPr
iPr
NiPr(THF)2
C6D6, 25-60 oC, 4-288h
4-14 mol% 5-10 mol%
13: 49 - 100%Conversion, 29-67 %ee
14
12 13
15a-d
12 or 13n
n
n = 1, 2
i
i
 
Scheme 8: Neutral and anionic Yttrium-catalysed intramolecular HA reaction. 
 
Application of chiral yttrium-diolate complexes 18 for the asymmetric HA of 
internal aminoalkenes 16a-b was reported in 2004 by Hultzsch et al (Scheme 9).54, 55 
Although good conversions were obtained, only modest ee’s of 57% were achieved. A 
similar yttrium diolate complex 19 was also used as a catalyst for diastereoselective and 
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enantioselective intramolecular HA reactions (Scheme 9).55 The conversions for the 
cyclisation of the 2,2-disubstituted substrates 16a-b were excellent, with modest to good 
ee’s. The HA of 16c formed a mixture of cis/trans isomers 17c and 17c’ in modest 
conversions and poor to good ee’s. In contrast, the anionic sulphur-based complex 20 was 
shown to be  superior to the diolate complex 18 for asymmetric cyclisation of aminoalkenes 
16d-f (Scheme 9).56  The axially chiral bis-(thiolato) complexes of yttrium(III) in the 
presence of thiophene was an excellent catalysts for the asymmetric intramolecular HA. 
Unlike previous examples, the scope encompasses secondary as well as primary amines and 
more highly substituted double bonds. The ee’s are higher for larger thiol-buttressing silyl 
substituents (20a-c) and lowest for the secondary amine 17e.  
O
O
Y
4 mol %
C6D6, 50-100 oC, 1.5-40h
NH2R
R
R = H (a), Me (b)
                Cat 18 
17a: 91% Conversion, 57% ee
17b: 99% Conversion, 28% ee
N(SiHMe2)2
16a-b
18
O
O
Y
NH
2-5 mol %
C6D6, 22-100 oC, 1-95h
R
R
SiAr3
SiAr3
Me2N
Me2N
Ph
NH2
NH
RR
R = Me, Ph, CH2Ph
50-53% Conversion, 11 :1 to 50 :1 of trans :cis, 38-72 %ee of trans
NH
R
or
16c
19
17a-b
17c 17c'
N
N
Y
                     5 mol %
2 equiv C4H4S C6D6, 60 
oC, 15h
S
S
NH(TMS)2
SiR3
SiR3
H
N
N
R
R
R1
R
RR, R1, R2 = H (d) 
R, R1 = H, R2 = Me (e) 
R = Me, R1 = Ph, R2 = H (f)  >95% Conversion
R2
R1 R
2
16d-f 17d-f
20
18 19
19
20
R = Me (a), Et (b), Me2Ph (c)
                     ee
         20a      20b     20c
17d:  69%    73%    81%
17e:  60%    63%    69%
17f:   73%    80%    82%
or
                Cat 19 
17a: >98% Conversion, 83% ee
17b: >98% Conversion, 53% ee
 
Scheme 9: Yttrium-diolate catalysed intramolecular HA reactions. 
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1.2.2 Conjugate 1,4-Additions to α,β-Unsaturated Carbonyl Compounds  
 
The Lewis acidic properties of scandium were exploited for the conjugate addition 
of heterocyclic compounds to enones (Scheme 10).57 ScCl3 catalysed the conjugate addition 
of pyrazol to enones at room temperature. The scope of this catalyst is limited to addition of 
pyrazol and yields are generally poor for acyclic enones, but excellent for cyclic enones. 
N
NH
R
O
R1
R = H, Alkyl
R1 = Me, Ph, H, 
R,R1 = Cyclohexenone
N
O
R1
R
N
ScCl3 , 10 mol%
DCM, rt, 0.5h
21-99 %Yield
 
Scheme 10: Scandium-catalysed addition of pyrazol to enones. 
A highly efficient asymmetric phosphate-ligated scandium catalyst 21 was reported 
for the enantioselective addition of O-alkylhydroxylamines to α,β-unsaturated 
phenylketones (Scheme 11).58 More recently, the asymmetric Sc(OTf)3/i-Pr-pybox catalyst 
24 was also applied to the addition of an O-alkylhydroxylamines 22 to the oxazolidin-2-one 
substrates 23 (Scheme 11).59 The reaction conditions are mild for both systems, operating at 
room temperature or lower and requiring less than 24 hours. In comparison, the phosphate 
ligated catalyst 21 demonstrated superior activity, selectivity and substrate scope than 
catalyst 24. Furthermore, a mixture of the conjugate addition product 25 and competing 
amidolysis side-product 26 was frequently observed for reactions catalysed by 24.   
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Bn
O
NH2 R
O
N O
O
R
O
N O
ONH
BnO
N
N
OO
N
Sc
(OTf)3
DCM, 0 oC, 1-20h
5 mol%
80-99% Conversion, 80-91% ee
R = Me, Et, n-Pr, i-Pr
25/26 = 77:23 to 100:0
R
O
N
H
OBn
NH
BnO
R1
O
Ph
R1 = Me, Et, n-Pr, i-Pr
R
O
NH2
3
R1
O
Ph
NH
RO
R = Bn, Me, Ph2CH
10 mol%
toluene, rt, 18-24h
>98% Yield, 94-99% ee
O
O
P
O
O
Sc
22 23
24
25
26
21
 
Scheme 11: Scandium-catalysed HA of hydroxylamines to α,β-unsaturated carbonyl 
compounds. 
Shibasaki et al. demonstrated the utility of a heterobimetallic catalysis 27 for the 
enantioselective 1,4-addition of O-alkylhydroxylamines to enones (Scheme 12).60 Good 
yields and ee’s were achieved at higher concentrations (1.1-2.5 M), although the substrate 
scope is somewhat limited to only two O-alkylhydroxylamines. Given that high catalyst 
turnovers, good yields and ee’s were achieved under concentrated conditions, it was 
concluded that neither amine nor product inhibited the heterobimetallic catalysis, unlike 
standard Lewis acid catalysis. 
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Y
O
O O
O O
O
Li
Li
Li
O
R1 or R2 = 4-Me, 4-MeO, 4-Cl, 4-F,  
                 2-furyl, 3-thioenyl
R
O
NH2
Ar
O
Ar
NH
RO
R = Bn or Me
1-3 mol%
THF, -20 oC, 24-122h
57-98% Yield, 81-97% ee
27
R2
R1
 
Scheme 12: Yttrium-catalysed addition of alkoxyamino derivatives to enones. 
In summary, N,N-chelated scandium complexes can activate the amino group 
towards HA addition to terminal double bonds. Lewis acidic scandium salts were suited for 
conjugate additions of unconventional nitrogen reactants to α,β-unsaturated enones. 
Generally, group 3 HA catalysts are dominated by intramolecular examples. 2,2-Dimethyl-
pent-4-enylamine (4b, 9c, 14a, 16b and formation of 8c) was a standard substrate, 
commonly utilised for these cyclisations. The relative rates of conversion by group 3 
catalysts for the cyclisation of this substrate are more dependent on the ancillary ligand type 
than metal charge. Comparisons of scandium and yttrium catalysts have revealed that, for 
HA-cyclisations, cationic catalysts are not always more active than their neutral congeners. 
 
1.3 Group 4 Metal Catalysts 
 
Group 4 metal catalysts have been used extensively for alkyne HA’s.20, 61, 62 In 
contrast, titanium, zirconium and hafnium catalysts for alkene HA’s have only been 
identified recently. For the intramolecular HA reaction of aminoalkenes, titanium and 
zirconium catalysts are thought to activate the amino group in a manner akin to group 3 
catalysts. A mechanistic hypothesis was proposed, for titanium-catalysed intra and inter-
molecular HA (Scheme 13).63, 64 The first step envisages formation of titanium-imido 
species II through exchange with a ligand. Olefin insertion into a Ti-N δ-bond ensued, 
forming a metallacycle IV is proposed. For the intermolecular reaction, the formal insertion 
of norbornene constitutes the chemoselectivity-determining step. Finally, proton transfer 
represents the concluding step to yield HA product VI. Postulated mechanisms for 
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zirconium-catalysed intramolecular HA51, 65 are analogous to that proposed for group 3-
catalysed HA reactions (Scheme 5).  
L2Ti(NHPh)2
NHL2Ti
NL2Ti
H
N
Ti
L2
H
N
TiL2
NHPh
PhNH2
NHPh
I
II
III
IV
VI
V
 
Scheme 13: Postulated mechanism for Ti-catalysed HA reaction. 
 
Recently, Marks and Stubbert conducted mechanistic studies which supported a 
mechanistic pathway proceeding via C=C insertion at a metal-nitrogen δ-bond.65  However, 
they established that activation parameters and reaction rates were comparable for 
cyclisation of primary and secondary aminoalkenes making generation of an M=NR 
intermediate unlikely, but a pathway involving insertion at an M-N δ-bonded intermediate 
is kinetically viable. 
A density functional study of cyclopentadienyltitanium-imido-catalysed HA of 
ammonia with ethylene was performed by Bergman and Straub (Figure 1).66 The 
hypothetical pathway includes three key steps: [2+2] cycloaddition between ethylene and a 
titanium-imido species (II to IV), NH3 coordination V and proton transfer (V to VII). It 
was predicted that, the proton transfer step (V to VII) in alkene HA by CpTi-imido 
complexes is disfavoured by about 100 kJmol-1 compared to the corresponding allene and 
alkyne proton transfer steps. The authors foretell that stabilisation of the 
metallaazacyclobutane intermediate V compared to the catalyst resting state I could be the 
key to making the alkene process successful.  
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Ti
NHH2N
NH3
Ti
NHH2N NH3
0.0/
0.0
+18.8/
-38.4
Ti
H2N
NH
+31.4/
-27.6
NH3
Ti
H2N
NH3
NH
Ti
H2N
NH
H3N
-12.5/
-73.7
+24.1/
-91.4
+82.9/
-22.2
-114.6/
-225.2
Ti
H2N
H2N
NH
H H
Ti
NHH2N
H2N
I
II
III
IV
V
VII
VI
∆G (298.15 k, 1 atm)/
∆Etot/ kJ mol-1
 
Figure 1: Hypothetical ethane-ammonia HA pathway. ∆G = Gibbs free energy change and 
∆Etot = Calculated total energy of configuration as a function of electron density.   
 
1.3.1 Intramolecular Cyclisation of Aminoalkenes 
 
A neutral homoleptic titanium(IV) catalyst 28 was used effectively for the 
intramolecular HA of aminoalkenes in modest to good yields (Table 5, entries 1-3 and 7).67 
Similarly, the activity of eight neutral Ti pre-catalysts in intramolecular HA of alkenes was 
evaluated by Doye et al. (Table 5).63 Best results for cyclisations to pyrrolidine derivatives 
(entries 7-10) were obtained with 28. In the case of piperidine formation, 29a-b and the 
ansa-catalyst 30 were comparable in activity to 28 (entry 7). Examples of intermolecular 
additions were absent for these neutral titanium-catalysts.  
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Table 5: Ti-catalysed intramolecular HA reaction. 
NH2
NH5 mol %
R2
R1
R2
R1
Ti
Me
Me
R
R
R
R
Ti
NMe2
NMe2
Si
N
or
R = H (a), indenyl (b)
toluene, 105 oC
n =1, 2
29
Ti
Me2N
Me2N NMe2
NMe2 or
3028
n
n
5 mol % 5 mol %
Entry R1 R2 n Catalyst Time/h Yield/% 
1 Me Me 1 28 96 32 
2 Me H 1 28 96 38 
3 
Ph Ph 
 
1 
28 
24 
97 
4 29a 86 
5 29b 96 
6 30 74 
7 
Ph Ph 2 
28 
24 
76 
8 29a 78 
9 29b 89 
10 30 75 
 
Hultzsch and Gribkov described the utilisation of a cationic alkyl zirconocene 
complex 31 to catalyse the intermolecular HA of secondary amines (Scheme 14).68 In this 
case, formation of a cationic species was found to be a fundamental requirement for 
catalytic activity in the HA of aminoalkenes, as the neutral zirconocene [Cp2ZrMe2] 
displayed no catalytic activity. Interestingly, these cationic precatalysts cannot be used with 
primary amine substrates, thought to be due to the formation of catalytically inactive-imido 
complexes.68 
Zr
CH3
H
N N
5 mol %
toluene, 80-100 oC, 1-87h
n =1, 2
91-98% Yield
R2
31
32
[MeB(C6F5)3]
R2 R
1
R1
R1 = Me, Bn, R2 = H, Me
n
n
 
Scheme 14: Zirconium-catalysed HA of aminoalkenes.  
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Neutral Zr(IV)-bis(thiophosphinic amidate) 33 and bis(amidate)-zirconium 
complexes 34 were disclosed for intramolecular HA involving aminoalkenes to yield cyclic 
amines 35a-c in variable yields (Scheme 15).51, 69, 70 Catalyst 33 demonstrated wider 
substrate scope for more highly substituted aminoalkenes than the pentagonal pyramidal 
zirconium-imido complex 34. Although zirconium and yttrium are neighbours in the 
periodic table, they displayed similar activity for the same substrates, however, the catalytic 
activity of 33 is lower than that exhibited by its yttrium congener, the corresponding Y(III)-
bis(thiophosphinic amidate) complex 7a. 
Ph
O
N
Zr
N
Ar
O PPh3
Ar
NH2R
R
R
NH
R
R
NH
R
R
RR
n
nn
5 mol %
toluene-d8, 110 oC, 4-192hn =1, 2
R = H, Me 38-98% Yielddr of 35b to 35c = 1 : 11
35b 35c
Zr(NMe2)2
N
P
S
S
P
N
NH
R5
R3
R3
R2 R1
n
N R1
R2
R3
R3
R5
n
toluene-d8, 60-150 oC, 1-172h
5 mol%
R1 ,R2, R3, R4 = H, Me, R5 = H, Ph
R4
R4
0-99% Yield
33
35a
n =1, 2
342
 
Scheme 15: Zirconium-catalysed intramolecular HA of aminoalkenes. 
 
Subsequently, intramolecular asymmetric zirconium-catalysed HA based upon 
aminophenoxide 36, modular amidate 37 and bis-(amido) 38 ligands were described (Table 
6).71-73 Catalyst 36 afforded good ee’s only for the formation of piperidine (entry 3). The 
amidate ligated complex 37 displayed greatest activity and enantioselectivity (entries 5-8). 
Interestingly, the activity of catalyst 38 was demonstrated only for acidic trifluoroacetamide 
substrates generated in situ from TFAA and the corresponding amine (entries 9-12). Once 
again, the neutral catalysts (37 and 38) outperformed the cationic catalyst 36.  
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Table 6: Asymmetric Zirconium-catalysed intramolecular HA of aminoalkenes. 
N
Zr(NMe2)2
N
P
P
Ar Ar
O
Ar Ar
O
NH
R3
R2
R2
R1
N R1R
2
R2
R3
toluene
10 mol%
38
N
N
Zr
10 mol %
toluene
O
O
37
NMe2
NMe2
Ar
Ar
10 mol%
n
n
[B(C6F5)4]ON
ON
Zr
Me
Bn
Bu
Bu
Bu
Bu
Me
Me
t
t
t
t
C6D5Br
36
 
Entry R1 R2 R3 n Cat Temp (oC) Time (h) Yield (%) ee (%)
1 Me H H 1 
36 70 
4 100a 64 
2 Me Me Me 1 48 100a 18 
3 Me Me Me 2 3 100a 82 
4 Me Me H 
1 37 110 
3 80 93 
5 Ph Ph H 1 93 74 
6 allyl allyl H 4.5 99 74 
7 Cyclopentane H 3 91 88 
8 Cyclohexane H 3 96 82 
9 COCF3 Me H 1 
38 
 
115 48 91 80 
10 COCF3 Me H 2 85 48 91 51 
11 COCF3 H H 1 135 72 33 62 
12 COCF3 H H 2 135 24 79 33 
13 COC10H17 Me H 
1 115 48 78 80 
14 COC10H17 Me Bn 135 24 75 55 
a Conversion of substrate as determined by 1H NMR integration. 
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1.3.2 Intermolecular HA of Activated Alkenes 
 
A simple titanium catalyst was reported to catalyse the reaction of norbornene with 
substituted anilines, to furnish the HA product 39, accompanied by competing formation of 
hydroarylation products 40 (Scheme 16).64 The HA product was favoured for electron poor 
anilines, and hydroarylation occurred exclusively at the ortho-position.  
NH2
R
H
N
R
    TiCl4 
10-100 mol%
toluene, 110 oC, 2-30h
H2N
R
45-95% Yield
39:40 = 59:41 - 100:0
39 40
R = H, 2-Me, 2,4,6-Me, 2-F, 4-F
       2-Br, 2,4-Br, 2-CN, 2,4-CF3  
Scheme 16: TiCl4 catalysed HA/hydroarylation of aniline with norbornene.  
The C-H activating nature of TiCl4 was also manifested in the HA of vinylarenes 
with substituted anilines (Scheme 17).74  Again, addition to styrene afforded higher ratios of 
the HA product with electron deficient anilines.  The scope of TiCl4 for intermolecular HA 
reactions is limited by the necessity for high catalytic loadings and formation of mixtures of 
products.    
NH2
R1
HN
  TiCl4 
20 mol%
toluene, 110 oC, 3-30h
50-87 %Yield
41a:41b = 1:99 - 99:1
41a 41b
R1 = H, 2-Me, 3,5-Me, 2-F, 4-F
       2-Br, 2,4-Br, 2-CN, 3,5-CF3
R2 = H, 4-F, 4-Cl, 4-OMe, R3 = H, Me
R2 R
3
R1
R2
NH2 R3
R2R1
R3
 
Scheme 17: Titanium-catalysed intermolecular HA of vinylarenes with anilines. 
The Hf(OTf)4/[Cu(CH3CN)4]PF6 system was reported to catalyse the reaction of 
various vinyl arenes with sulfonamides, carbamates, and carboxamides (Scheme 18).75 
Sulfonamides reacted with vinylarenes to give 42 in good to excellent yields (61-99%) and 
were more reactive than carbamates and amides (20-81%).  
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R1 = MeO, R2 = H
R1 = BuO, R2 = H
R1 = Ph, R2 = H
R1, R2 = 2-oxazolidinone
R1
O
NHR2 R3
S
O
NH2
O
or
R3 = H, Me, Cl, 
        NO2, CF3
R4 = H, 4-Me, 4-Cl, 4-Br,  4-F, 3-Cl
Ar
N
HArO2SHf(OTf)4/[Cu(CH3CN)4]PF6
           0.3-10 mol%
1,4-dioxane,25-90 oC, 24h
42 Ar
N
R2
or
O
R1
43R4
61-99% Yield 20-81% Yield
 
Scheme 18: Hafnium-catalysed addition of N-H to activated olefins. 
The proposed mechanism involves an initial anion exchange between Hf(OTf)4  and 
[Cu(CH3CN)4]PF6 to generate the active species I (Scheme 19). The amide is thought to 
coordinate to the cationic-metal forming intermediate II, the catalyst activating the vinyl 
arenes to generate a carbenium intermediate III. Addition of the nitrogen nucleophile 
followed by protonolysis, affords the product and regenerates the catalyst I. 
Ar
S
O
NH2
O
Hf(OTf)4 + [Cu(CH3CN)4]PF6
Hf(OTf)3 .PF6
Ar S
O
N
H
O
Hf(OTf)3 .PF6
Ar
Hf(OTf)3
O
SH2N
Ar
O PF6
Ar
Hf(OTf)3
N
Ts
H
H
Ar
Ar
HN
Ts
-[Cu(CH3CN)4]OTf
I
II
III
IV
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Scheme 19: Proposed mechanism for hafnium-catalysed addition of N-H to vinylarenes.  
 
 
In summary, group 4 HA catalysts have displayed similar activity for aminoalkene 
substrates to those employed with group 3 catalysts. Similarly, both group 3 and 4 catalysts 
have an affinity for amines, which consequently allows them to activate the amino group 
towards olefin insertion into an M-N δ-bond. Neutral and cationic zirconium catalysts have 
been developed for asymmetric cyclisation of aminoalkenes to afford nitrogen heterocycles 
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with optical purities comparable to that achieved with scandium and yttrium catalysts.  
Compared to group 3 catalysts, the scope for intermolecular HA additions is slightly 
broader and encompasses norbornene and vinylarenes substrates and secondary amines.   
   
1.4 Groups 5, 6 and 7 Metal Catalysts 
 
Given the diversity of anionic and neutral ligands capable of forming stable 
compounds with groups 5, 6 and 7 elements, it is surprising that there is a considerable lack 
of literature pertaining to HA research using these metal complexes. So far, tantalum is the 
only metal which has been developed as a HA catalyst. A cationic tantalum-imido complex 
44 has been shown to catalyse the HA of alkynes.76 In the same publication the HA and 
hydroarylation of norbornene with aniline was examined (Scheme 20). The low yield of 
this reaction was attributed to formation of polymer and other higher molecular weight by-
products. 
Ta NCMe3
Ph
Ph
B(C6F5)4
NH2 H
N
H2N
C6D5Cl, 135 oC, 24h
5 mol%
10 %Yield 22 %Yield
44
45 46
 
Scheme 20: Tantalum-catalysed addition of aniline to norbornene. 
 
1.5 Group 8 Metal Catalysts 
 
In contrast to early-TM HA catalysts, the late TM-catalysts are more frequently employed 
in intermolecular HA reactions. Amongst the few intermolecular examples for group 8 
catalysts, only ruthenium catalysts have demonstrated activity for the HA of activated and 
unactivated alkenes with amines. On the other hand, iron-catalysts have displayed 
complementary activity for HA of alkenes with sulfonamides.  
 
 
 
 
1.5.1 Hydroamination of Unactivated Alkenes 
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Takaki et al. developed an efficient FeCl3-catalysed protocol for the intramolecular 
HA of N-toluenesulfonamides alkenes (Scheme 21).77 Broad scope was demonstrated for 
the formation of substituted 5 and 6-membered nitrogen-heterocycles. The system was also 
applicable to the synthesis of interesting spiro-heterocyles 48 from 47. A successful 
reaction requires pre-tosylation of the amino group, suggesting that increased acidity of the 
N-H bond is essential. The catalytic activity is also suppressed in the presence of 2,6-di-
tert-butylpyridine, implicating the possible involvement of Brønsted acid in the reaction 
mechanism.  
NH
R5
R2
R3
R1 Ts
n
N Ts
R1
R3
R2
R5
n
DCE, 80 oC, 2-38h
10 mol%
R1 = H, Me, R2 = H, Me, CH2I, CH2OMe, CH2OTs
R3=  H, Me,  R4 = H, Me, R5 = H, Me, Et,  Ph
R4
R4
n =1, 2
FeCl3.6H2O
NHTs
NHTs
TsN NTs
48
82%Yield
81-99%Yield
47
 
Scheme 21: Iron-catalysed intramolecular addition of tosyl protected amines to unactivated 
olefins. 
Three ruthenium catalysts displayed sluggish activity when applied to the addition 
of cyclohexylamine to cyclohexene (Scheme 22).78 
NH2
[Ru]
        10 mol%
benzene, 130 oC, 20h
H
N
          [Ru]               % Conversion
[RuCl3.3H2O]                  16% 
[RuHCl(CO)(PPh3)3]       37%
[RuH(CO)(NCMe)2]         8%  
Scheme 22: Ruthenium-catalysed HA of cyclohexylamine to cyclohexene. 
Better success was achieved with other ruthenium complexes. Under high pressure 
conditions (40 bars) and longer reaction time of 65 hours (Scheme 23),79 the addition of 
piperidine to ethylene was achieved. Electron rich [RuCl2(PMe3)4] and the more electron 
poor [RuCl2{P(OMe3)}4] gave lower yields than the [RuCl2(PPh3)3] complex. It was noted 
that while dissociation of PPh3 was observed, no dissociation of PMe3 and P(OMe)3 was 
observed for the other complexes, thus indicating that a generation of a free coordinating 
site is crucial for catalytic activity. These ruthenium catalysts also have limited scope. No 
25 
 
products were observed between 1-pentene and piperidine under these catalytic conditions. 
The only other reactive substrate pair was morpholine/ethylene, which generally gave the 
product in 50% lower yields than piperidine under these conditions. 
N
H
N   [Ru]3.3 mol%
100oC, 40 bar, 65 h
[Ru] = RuCl2(PPh3)3,  100% Yield,                                 [Ru] = [(n6-C6H6)RuCl2]2,  100% Yield
[Ru] = RuCl2(PMe3)4, 0% Yield,                                      [Ru] = RuCl2[P(OMe)3]4,  22% Yield
[Ru] = [(n5-C5H5)Ru(PPh3)2(C2H4)]+[BF4]-,100% Yield, Ru] = [(n5-C9H7)Ru(PPh3)2(C2H4]+[BF4]-,70% Yield  
Scheme 23: Ruthenium-catalysed HA of piperidine to ethylene. 
 
1.5.2 Hydroamination of Conjugated Alkenes. 
 
Recently, Campagne et al. expanded the scope of FeCl3 to intermolecular addition 
of sulfonamides to vinylarenes (Scheme 24).80 The nature of the iron salt employed in the 
reaction has no relevance as anhydrous FeCl3 afforded the same result as FeCl3.6H2O. 
Significantly, this catalyst was less active for electron poor or sterically hindered styrenes, 
where polymerisation and/or hydroarylation by-products were observed. 
NH
R2
ArO2S
dioxane or DCE, reflux
10 mol%
R1 = H, 4-F, 4-Br, 4-Me, 4-CF3 
        3,5-Me, 2-NO2
R2 = H, Me
5-73 %Yield
R3R
1
S
NH2
O O
R1
R2
R3=  H, 4-Me, 4-NO2
FeCl3
 
Scheme 24: Iron-catalysed intermolecular addition of sulfonamides to vinylarenes. 
Hartwig et al., reported a ruthenium HA catalyst which is generated in situ from 
[(COD)Ru(2-methylallyl)2], a phosphine ligand and triflic acid co-catalyst (Scheme 25).13 
The catalytic system effects the regioselective addition of morpholine to styrene at 100 oC, 
affording the linear product exclusively in 96% yield. No reaction was observed in the 
absence of phosphine ligand and/or triflic acid. Subsequently, the scope of this catalyst was 
extended to include other styrene derivatives and cyclic amines. Modest to excellent yields 
were obtained with >99% regioselectivity. 
26 
 
X
H
N
N
X5 mol% [Ru(COD)(2-methylallyl)2]
7 mol% DPPPent
10 mol% CF3SO3H
1,4 dioxane, 100 oC, 24h
63-96% YieldX = O, N, CH2, NBoc
RR
 
Scheme 25: Ruthenium-catalysed HA of morpholine to styrene. 
 
Kinetic experiments in conjunction with NMR spectroscopy and X-ray diffraction 
techniques were used for subsequent mechanistic studies (Scheme 26).81 The authors 
suggest that the triflic acid induces styrene to form a η6 -styrene ruthenium complex II, 
which reacts with morpholine at the anti-Markovnikov position to form a η6- 
morpholinonethylarene complex III at room temperature. Heating this complex to 100 oC 
leads to ligand exchange with the vinylarene, regenerating the η6 -styrene complex II 
(Scheme 26). The mechanism is supported by the isolation of complexes II and III and 
their characterisation by NMR spectroscopy and X-ray diffraction.  
Ru PPh2
Ph2P
(COD)Ru
Ar
Ar
NR2
HNR2II
III
I
Ru PPh2
Ph2P
NR2
OTf
OTf
 
Scheme 26: Postulated mechanism for HA of morpholine and styrene by [Ru(COD)(2-
methylally)2]/DPPPent/TfOH. 
This ruthenium catalyst is tolerant to base-sensitive functional groups and 
complements the base-catalysed HA reaction. These additions have been shown to proceed 
efficiently in the presence of 10 mol% nBuLi at room temperature (Scheme 27).82  
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N
H
N
Bn
N
N
Bn
10 mol% nBuLi 
THF, 24h 94% Yield
 
Scheme 27: Base-catalysed HA of styrene N-benzyl-piperazine. 
A year after Hartwigs report, Yun and Yi reported the utility of a cationic ruthenium 
catalyst capable of facilitating HA and ortho-C-H activation of aromatic amines with 
ethylene and 1,3-butadiene (Scheme 28).83 A variety of aromatic amines reacted with 
ethylene to form generally 1:1 ratios of HA 49 and heterocyclic 50 products. Kinetic and 
isotope studies revealed N-H bond activation to be the rate-limiting step. The subsequent 
ortho-C-H bond activation and alkene insertion steps are relatively facile, thus rationalising 
the persistent formation of a 1:1 mixture. The analogous reaction with 1,3-butadiene 
resulted in the preferential formation of the Markovnikov addition products 51 and 52 and 
no ortho-C-H bond activation products were observed.   
Ph NH2
N
H
N
34% Yield 37% Yield
            5 mol%
benzene, 80 oC, 48h
[(PCy3)2(CO)(Cl)Ru=CH-CH=C(CH3)2]+ -BF4
49 50
Ph NH2 NH
64% Yield
51
N
H 52
28% Yield
Ph
Ph Ph
 
Scheme 28: Ruthenium-catalysed HA and ortho-C-H activation. 
 
1.6 Group 9 Metal Catalysts 
 
Rhodium and iridium complexes were among the first late TM-catalysts to be 
employed in the HA reaction. Group 9 complexes developed for HA catalysis are generally 
phosphine-ligated complexes, which also contain a relatively labile ligand that allows 
exchange with the substrate. Unlike the early TM-catalysts, which activate the amino 
group, the late TM-complexes are thought to activate the olefin by π–activation and thus 
rendering the multiple-bond more electrophilic. This mode of activation has permitted late 
TM-catalysts to display broader scope than early TM-catalysts for the intermolecular HA of 
activated and unactivated alkenes. In the following section, the survey of group 9 HA 
catalysts begins with the rhodium and iridium-catalysed HA of monoolefins.      
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1.6.1 Rhodium and Iridium-Catalysed HA Reactions 
 
Brunet et al., reported the use of rhodium pre-catalysts in ionic solvents 
(phosphonium or imidazolium salts) for the HA of norbornene with aniline accompanied by 
formation of the hydroarylation product 54. (Scheme 29).84 Among the different 
imidazolium salts, it appears that those associated with PF6 or bromide ions afford 53 and 
54 with higher turnover numbers than ionic solvents with chloride ions. The inherent 
advantages of ionic solvents (e.g., low vapour pressure, thermal stability and easy isolation 
of reaction products) are cancelled out by the requirement of excessive reaction times (6 
days).  
NH2 H
N
H2N
Solvent, 140 oC, 6 days
1 mol%
Solvent      Turnovers
[BMIM]Cl           0
[BMIM]Br           8.3
[BMIM]PF6           5.1
n-Bu4PBr           7.7
53 54
RhCl3.3H2O
Solvent  Turnovers
[BMIM]Cl           0
[BMIM]Br          1.5
[BMIM]PF6           2.6
n-Bu4PBr           2.5  
Scheme 29: Rhodium-catalysed addition of aniline to norbornene in ionic solvents. 
Togni’s seminal work on iridium catalysts represents the first breakthrough in 
asymmetric HA research by a late TM-catalyst (Scheme 30).85  Using 1 mol% of the 
BINAP-ligated iridium complex, optically active norbornyl amine 55a was obtained 
exclusively with an enantiomeric excess of 95% in the presence of Schwesinger’s “naked” 
fluoride [N{P(NMe2)3}2]+F-. The precise role of the fluoride effect is not clear, especially as 
its presence led to a reversal of absolute product configuration. It was suggested by 
Hultzsch in his recent review that hydrogen bonding of the fluoride could play a role.5 The 
limitation of the system is its low turnovers, also the system is only active for the addition 
of aniline to norbornene. 
NH2
22% Yield, 95% ee
4% "F" additive, 75 oC, 72 h
[(R-BINAP)IrCl]2
         1mol%
55a
NHPh
NHPh
55b
PPh2
PPh2
R-BINAP  
Scheme 30: Iridium-catalysed asymmetric HA of aniline to norbornene. 
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The utility of the iridium catalyst was further expanded to include asymmetric 
intramolecular cyclisation of N-tosylated aminoalkenes 56 (Scheme 31).4 In these systems, 
the Schwesinger fluoride was replaced by triethylamine to give the corresponding 
benzofused pyrrolidine 57 in low yield and modest enantiomeric excess. More significantly, 
double bond isomerisation is a competitive process, yielding 58 as the major product. 
NHTs N
Ts
NH
Ts
80 oC, Benzene, 72h
1 mol% [(R-BINAP)IrCl]2
2 mol% Et3N
39% Yield, 60% ee 68% Yield
56 57 58
 
Scheme 31: Iridium-catalysed intramolecular hydroamidation. 
Hartwig et al., reported the utilisation of a cationic rhodium catalyst bearing a diene 
ligand, diphosphine ligand and a tetrafluoroborate counter anion for the addition of cyclic 
amines to vinylarenes (Scheme 32).86 Prior to this work, Beller et al., had shown that 
[Rh(COD)2]BF4/PPh3 was an effective oxidative amination catalyst, but also afforded 59 as 
the minor product as well as 60.87, 88 Switching to DPEphos, the oxidative amination 
product 60 was formed as a minor product in an amine:enamine (59/ 60) ratio of 75/25. 
Indeed, chemoselectivity of the reaction proves to be highly sensitive to the diphosphine 
ligand employed. While DPEphos favoured the formation of HA product 59, structurally 
related Xantphos provided essentially no HA product. The scope of the reaction was 
explored with different vinylarenes and cyclic secondary amines. Although high 
amine/enamine ratios can be achieved, reactions with electron-poor vinylarenes are 
generally slower and less selective. At higher concentrations of styrene, the ratio of amine 
to enamine products decreased.  
Ar
O
H
N
O
PPh2 PPh2
O
PPh2 PPh2
+
[Rh(COD)(Phosphine)][BF4]
               5 mol%
toluene, 70 oC, 48h
DPEphos =
Xantphos =
Ar
N
O
Ar
N
O
6059
                   59(%) : 60 (%)    
             
PPh3            14      :  74
DPEphos      62     :  20  
Xantphos      0       :   9
 
Scheme 32: Rhodium-catalysed HA of secondary alkylamines to styrene. 
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Subsequent studies by Hartwig et al., demonstrated the further utility of the cationic 
Rh-complex in a related intramolecular HA cyclisations of 61 (Scheme 33).89 Formation of 
competing enamine products 63 was also observed but in negligible amounts. Reactants 
with β-substituents to the nitrogen (e.g. 61a-c) were cyclised to provide 62 in good yields 
and with high diastereomeric excess. Hitherto, intramolecular TM-catalyst had always 
afforded Markovnikov products. Thus, the exclusive formation of anti-Markovnikov 
products is unusual, but potentially a useful means of regio- and diastereoselective 
synthesis of nitrogen heterocycles.   
Ar
NHMe
R N N
Ar Ar
[Rh(COD)(DPPB)][BF4]
               5 mol%
THF, 70 oC, 24-72h R RR = (a)Me, (b)OMe, (c)OTBS
1-4% Yield71-87% Yield
cis:trans = 94:6 - 95:5
61
62 63
 
Scheme 33: Rhodium-catalysed intramolecular HA of secondary amines to terminal 
alkenes. 
 
Intermediates from the rhodium-catalysed HA processes were not isolated, but a 
postulated mechanism was presented, based on preliminary mechanistic studies (Scheme 
34).86 It was proposed that two vinylarenes are present as part of a transition state structure 
that forms the amine, enamine or both. The intermediate α –phenyl β-aminoalkyl complex 
III may be formed by either N-H activation followed by olefin insertion I, or by external 
attack on a coordinated vinylarene II. The β –hydrogen in complex III are positioned away 
from the metal, which makes β-hydride elimination slow. Reductive elimination from this 
complex would generate the HA product VI. At higher styrene concentrations, it is 
suggested that excess styrene encourages the formation of a dialky-rhodium complex V that 
would not form VI. Instead, these species would undergo β-hydride elimination to form 
enamine VII. 
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Scheme 34: Postulated mechanism for addition of morpholine to styrene catalysed by 
[Rh(COD)(DPEphos)][BF4]. 
 
In summary, where group 8 catalysts are only regioselective, group 9 catalysts have 
been developed for diastereo and enantioselective HA reactions. Rhodium catalysts can 
facilitate the formation of anti-Markovnikov products, which is curiously mimicked by 
ruthenium systems. This example of a horizontal relationship between these TM-catalysts is 
akin to the yttrium-zirconium similarities discussed previously. Given iridium, rhodium and 
ruthenium’s prominence and renown in stereoselective reactions involving olefins,90-92 
these metals have generally underachieved and underperformed when applied to HA 
chemistry.     
 
1.7 Group 10 Metal Catalysts 
 
In the last decade, diverse applications of regio- and stereoselective group 10 HA 
catalysts have emerged. Application of these catalysts constitutes the most prosperous 
group to be developed for asymmetric HA.  Palladium and platinum can facilitate 
nucleophilic addition to a complexed olefin, whilst simultaneously controlling the 
stereoselectivity of the stereogenic centre created during this process.  
 
Many of the factors relevant to the late TM-catalysed HA reactions (e.g., proton 
transfer and ligand substitution of olefin by amine) were considered in two published 
theoretical articles.93, 94 A series of computational studies were carried out, assessing group 
9 and 10 metals (d8 TM-complexes of the type [MCl(PH3)2]z+ as HA catalysts. This study 
concluded that group 10 TM ions represent promising potential catalysts for olefin HA. In 
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particular, the results indicated that Ni(II) complexes are potentially the most active in this 
role. In the following section, the survey of group 10 HA catalysts begins with the Ni(II)-
catalyst, which was investigated in light of the aforementioned DFT studies.  
 
1.7.1 Asymmetric HA Reactions. 
 
Togni and Fadini examined a Ni(II) complex containing a chiral tridentate 
ferrocenyl phosphines ligand, Pigiphos 64 as a catalyst in the asymmetric aza-Michael 
addition of amines to cyanoolefins  (Scheme 35).95 The catalyst was found to effect the 
addition of anilines and cyclic amines to cyanoolefins. Moderate yields of products 65 and 
66 can be obtained with low to moderate ee’s. The reactions can also be carried out in 
different ionic liquids, with typically higher catalytic activities, but without improvements 
to the enantioselectivities.10, 96  
R1 = H, Me
R2 = H, Me
Yield 26-91% 
ee 8-24%
Yield 62-
99% 
ee 7-69%
65 66
(R, S)-Pigiphos =
Fe PPh2
P
Fe
Ph2P
R1
CN
R2
NH2
R R1
CN
R2
HN
Ar
[Ni(Pigiphos)][ClO4]2
        5 mol%
THF or Ionic sovent, rt, 24 hX
H
N
R1
CN
R2
N
X
64
or or
 
Scheme 35: Nickel-catalysed HA of aniline and morpholine to cyanoolefins. 
 
Analogously, a Ni-catalyst generated from Ni(ClO4)2·6H2O and bis-oxazoline 
ligand 67 is an active catalyst for the enantioselective addition of secondary aromatic 
amines 68 to alkenoyl-N-oxazolidinones 69 (Scheme 36).97 The products 70 were obtained 
in low to good yields (23-93%) and with moderate to excellent enantiomeric excesses (up 
to 96% ee). The highest enantioselectivity was observed when R1 is an alkyl group and no 
enantiomeric excess was observed when R1 is an ester functionality.  
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Scheme 36: Stereoselective HA of aromatic amines to acyl-pyrrolidinones catalysed by Ni-
DBFOX-Ph. 
The authors suggest that the nickel catalyst most likely activates the olefinic substrate 
towards nucleophilic attack of the amine through Lewis acid chelation of the carbonyl 
groups (Figure 2). 
N O
O
R1
O
Ni
L L
 
Figure 2: Chelation of 1,3-dicarbonyl to Ni-catalyst. 
 
To date, palladium has dominated the area of asymmetric HA catalysis. A variety of 
palladium precursors e.g., (diphosphine)PdCl2,98, 99  [PdCl2(NCMe)2],100 [Pd(η3-
allyl)Cl]2101, 102 and Pd(TFA)2,99, 103 with phosphine ligands have been investigated for 
asymmetric addition of aryl amines to vinylarenes and 1,3-dienes (Scheme 37). The [(R-
BINAP)Pd(OSO2CF3)2] complex (A + D) was the first reported example of a TM-complex 
capable of facilitating the enantioselective additions of aromatic amines to  vinylarenes.99 
Since this discovery, (R)-BINAP has been the ligand of choice for developing 
enantioselective HA catalysts (e.g. B + D) for HA of vinylarenes, but ee’s were severely 
curtailed by the presence of substituents on the vinylarene (ee’s up to 71%).99 However, a 
novel chiral bisphosphine based on the SEGPHOS framework was used as ligand with the 
[PdCl2(NCMe)2] precursor (B + E) and exhibited up to 15% ee enhancement over the 
BINAP-derived catalyst (B + D). 100 The Trost ligand (C + F) had the greatest success for 
the enantioselective addition of aromatic amines to 1,3-dienes. For example, the addition of 
aniline to 1,3-cyclohexadiene gave the HA product in excellent enantioselectivity (C + F, 
95% ee) and surpassing the result of (R)-BINAP (C + D, 7% ee).98 
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PPh2 Ph2P
PPh2
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           32-71% ee
A CB
C + F: 59-94% Yield
           86-95% ee
E
B +E:  65-89% Yield
           31-84% ee
D
F
A + D: 80-99% Yield
           64-81% ee
C + D: 99% Yield
            7% ee
 
Scheme 37: Pd-catalysed asymmetric addition of amines to vinylarenes and 1,3-dienes. 
Subsequent mechanistic studies were conducted on the [(R-BINAP)Pd(OSO2CF3)2] 
catalysed addition of aniline to styrene (Scheme 38).104 The catalytic cycle involves the 
migratory insertion of styrene to a palladium hydride I species, which initially forms a π-
complex II and then generates a η3–phenylethyl palladium complex III as a reaction 
intermediate. This undergoes nucleophilic attack by the amine at the benzylic carbon, via 
the transition state IV.104 Kinetic isotope effects, deuterium exchange observations, and 
theoretical calculations were subsequently investigated.105 These results support the 
proposed mechanism in which the key stereo determining step is the nucleophilic attack on 
the η3-complex III. 
PhNH2
I
II
III (X-ray structure)
IV
Pd
P
P
H
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Scheme 38: Proposed mechanism for the palladium-catalysed HA of styrene. 
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Numerous examples of palladium-catalysed aza-Michael reactions leading to 
achiral products have appeared in the literature in recent years including 
[(MeCN)2PdCl2],106  [(PR3)2Pd(OH2)(NCMe)] [OTf]2,107, 108 palladium diphosphinoazine 
complexes,109 Pd(OAc)2110, 111 and Pd(TFA)2.110, 111  For reasons outlined earlier, these 
systems will not be discussed in greater depth.  
Pd-catalysed asymmetric aza-Michael reactions have been pioneered by the Hii 
group.112-116 These systems exploit the chelating nature of 1,3-dicarbonyl substrates to 
furnish conjugate addition products with excellent optical purity (Scheme 39). These 
cationic palladium complexes are robust HA catalysts that can be employed in air at low 
catalyst loading, delivering high turnovers and enantioselectivities. Generally, electron-
withdrawing substituents on the aniline did not significantly alter yield or enantioselectivity 
of these reactions. Conversely, electron-donating substituents led to dramatic reduction in 
the enantioselectivity.  Compared to the Ni-system reported by Jorgensen (Scheme 36), 
these reactions were conducted in shorter reaction times, with comparable yields and 
enantioselectivity. The Pd-system has a wider scope able to catalyse primary and secondary 
anilines to α,β-unsaturated carbonyl compounds.  
N
O
N
ONH
ArNH2
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Scheme 39: Asymmetric palladium-catalysed aza-Michael reactions.  
 
It was initially postulated that high enantioselectivity is achieved via the 1,3-
dicarbonyl moiety forming a stable chelate to the metal centre, thus allowing 
stereodifferentiation between enantiofaces.17 Subsequently, kinetic and spectroscopic 
studies revealed further details of the catalytic cycle (Scheme 40).12 These studies 
established that aniline binds reversibly with palladium (I and III) and the N-imide 
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competes for this vacant coordination site to form metal chelate IV. Pregosin and Nama, 
independently confirmed the existence of intermediates equivalent to IV and  subsequently 
characterised them at low temperatures by NMR spectroscopy.117 Formation of IV is the 
slow step of the catalytic cycle (first order in III and 73) and precedes the stereo-defining 
step. The nucleophilic attack by aniline and ensuing protonolysis is fast (zero order in 
aniline), which generates V. Reaction progress kinetic analysis also revealed that the 
presence of excess amine at the beginning of the reaction controls the effective catalyst 
concentration. It was found that maintaining a low amine concentration over the course of 
the reaction significantly improved the enantioselectivity by 20-30%. 
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Scheme 40: Proposed mechanism for palladium-catalysed asymmetric aza-Michael 
reaction.  
1.7.2 Cationic Complexes as Hydroamination Catalysts     
 
Examples of palladium-catalysed intramolecular reactions are suprisingly rare in 
HA research. However, using 77 as catalyst, the mild and facile intramolecular HA of 
unactivated alkenes with protected amines 78 proceeded smoothly under ambient 
conditions to afford nitrogen heterocycles 79 (Scheme 41).118 Cyclisations proceeded in 
good to excellent yields and substrates bearing a stereogenic centre in the tether gave 
moderate levels of diastereoselectivity (7:3 cis:trans). The formation of HA products rather 
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than oxidative amination products was attributed to the use of a tridentate ligand which is 
thought to effectively inhibit α-hydride elimination. 
H
N NH
                       
AgBF4 10 mol%, Cu(OTf)2 10 mol%
DCM, rt
n =1, 2
60-96% Yield
R
R
R
R
78
79
77
PG
PG = Cbz, Boc, tol
N
PPh2
PPh2
Pd
Cl
n
n
5 mol%
Cl
R = H, Me, Ph  
Scheme 41: Palladium-catalysed intramolecular HA of N-protected amines with terminal 
alkenes.  
Phosphine ligands have frequently been employed with palladium precursors to 
generate highly active and selective catalysts for HA of aryl and cyclic amines to 
conjugated alkenes (Scheme 42). The diphosphinidenecyclobutene ligand with sp2-
hybridised phosphorus atoms having strong π-acceptor ability was mixed with the [Pd(η3-
allyl)Cl]2 precursor, to generate catalyst 80. Catalyst 80 was highly active for the HA of 1,3-
dienes with aromatic amines.102 The combination of Pd(TFA)2, dppf, and TfOH 81 
catalysed the reaction of various vinylarenes with cyclic alkylamines to form the 
corresponding arylethylamine products in moderate to good yields.103  
Ar
 dppf/[Pd(TFA)2]/TfOH
3 mol%/2 mol%/ 20 mol%
Ar NH2
Ar
NHAr ArHN
or cat
80
81
X NH
or
P
P
R
R
Pd
Ar
Ar
OTf
Ar N
X
80: 68-96% Yield80: 90% Yield81: 54-99% Yield
R R R
R
81: 43-79% Yield
2 mol%
 
Scheme 42: Pd-catalysed intermolecular addition of amines to conjugated alkenes. 
Trienes are uncommon reactants in organic synthesis119 and have been largely 
neglected in HA research when investigating the scope of the TM-catalysed process, until 
Hartwig, Ridder and Sakai developed a novel palladium-catalysed dual HA protocol for 
synthesis of azabicyclic-tropene rings 84 (Scheme 43).120 This reaction combines an 
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intermolecular HA of a triene 82 with a subsequent intramolecular transannular HA of a 
diene. The highest yields were obtained using the Xantphos ligand and Pd(TFA)2  as 
catalyst and benzoic acid as cocatalyst to give a mixture of tropene 122 and the quinoline 
derivative 85. Reactions of electron-rich arylamines (e.g. R = 4-Me and 4-OMe) occurred 
faster than reactions of electron-poor arylamines (e.g. R = 4-CN and 4-F), giving the 
bicyclic products in slightly higher yields. Benzylamine was also reactive but reactions with 
other aliphatic amines did not occur. In this system, the reaction is likely to proceed by 
formation of a η3-dienyl complex, in a similar manner to the styrene system (Scheme 38), 
which critically activates the alkene to nucleophilic attack by the amine.     
X
NH2
X = CH or N
N Ar H
N
X
Pd(TFA)2/ Xantphos/ PhCO2H
     2 mol%/4 mol%/ 10 mol%
toluene, 110 oC, 1-72h
R
R
82 83 84 85
0-38% Yield42-90% Yield  
Scheme 43: Palladium-catalysed sequential intermolecular and transannular-intramolecular 
HA of Cycloheptatriene with aromatic amines. 
Pt-olefin complexes are well known,121 but undoubtedly they also may form Pt-
amine complexes122, 123 and its ability to potentially activate both functionalities makes 
them an attractive TM for HA catalysis. As a result, weak nitrogen bases such as 
sulfonamides would not be expected to compete with olefins as ligands for platinum. The 
(COD)Pt(OTf)2 and [PtCl2(C2H4)]2 complexes (the latter activated by AgBF4) were found 
to be efficient catalyst for the HA of five different olefins with sulfonamides and weakly 
basic amines (Scheme 44).124 The (COD)Pt(OTf)2 catalyst was effective for cyclic 
unactivated olefins (e.g. cyclopentene and cyclohexene) as well as norbornene, whereas 
[PtCl2(C2H4)]2 performed better for simple unactivated acyclic olefins. An empirical pKa 
cut-off (conjugate acid pKa < 1) for the participation of nitrogen-containing substrates in 
this catalysis was established. The authors speculate that more basic amines may bind too 
strongly to the Pt centre, thus preventing the olefin substrate from undergoing competitive 
activation via coordination. Furthermore, it is also possible that these amines form 
intermediate ammonium adducts with the olefin substrate that are not acidic enough to 
undergo proton transfer. 
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Scheme 44: Platinum-catalysed addition of aromatic amine and sulfonamide to olefins. 
Activation of the olefin was supported by the identification of a 
[(COD)Pt(norbornene)2]2+ species by FAB-MS. In addition to mass spectrometric 
identification, [(COD)Pt(norbornene)2][OTf]2 was fully characterised in solution by 1H, 19F, 
and 195Pt NMR spectroscopies. 124 
 
Palladium thiocyanate complexes have displayed unique catalytic activity for cyclic 
enol ethers with amines.125 A range of α-alkyl and aryl cyclic ethers 89 were synthesised 
under pH neutral conditions in good to excellent yields employing 2 mol% of catalyst 
(Scheme 45). The thiocyanate anion outperformed other anions such as chloride, iodide and 
acetate. The catalytic activity for reactions involving arylamines was enhanced by 
incorporating triphenylphosphine in the system. 
On On N
R2
R1
R1
NH
R2
R1 R2 = n-Bu, R1 R2 = Ar, H
R1 R2 = Ar, Me, R1 R2 = Piperazine, 
R1 R2= Morpholine, R1 R2 = Pyrrolidine
K2Pd(SCN)4 or Pd(PPh3)2(SCN)2
                     2 mol%
rt, overnight
52-98% Yield
n = 1, 2 89
 
Scheme 45: Palladium-catalysed HA of cyclic-enolethers with aliphatic and aromatic 
amines. 
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1.7.3 Neutral Complexes as HA Catalysts  
 
The combination of Ni(COD)2, dppf and TFA effected the HA of 1,3-dienes with 
primary and secondary alkyl amines (Scheme 46).126 Generally, cyclic allyl amines 90 with 
ring sizes of 5-6 were formed in higher yields than those with ring sizes greater than seven. 
A simple triphenylphosphine ligated palladium complex Pd(PPh3)4 was applied to HA of  
arylamines to vinylarenes and 1,3-diene substrates in the presence of an acid co-catalyst 
gave products 91a and 91b were obtained in excellent yields (Scheme 46).98, 99 Both the 
nickel and palladium systems require co-catalytic amounts of a strong acid, which limits 
their tolerance to other functionality.  
      Ni(COD)2/dppf/TFA
   5 mol%/5 mol%/20 mol%
Toluene, 25-60 oC, 0.5-113h
38-93% yield,
n
NH
R1
R2 n
N
R1
R2n = 0, 1, 2, 4
90
ArAr NH2 Ar
NHAr ArHN
or
Acid = TFA:
78-99% Yield
Acid = TfOH: 
64-93% Yield
R R
R
 Pd(PPh3)4/Acid
  2 mol%/20 mol%
91a 91b
or
Toluene, 100 oC, 24h
 
Scheme 46: Ni and Pd-catalysed HA reaction using Brønsted acid as a co-catalyst. 
 
Pt-catalysed HA of ethylene with aniline was reported by Brunet et al. in 2004.127  
Using PtBr2 as a catalyst precursor in n-Bu4PBr with a strong acid under 25 bar of ethylene 
pressure afforded HA product 92, with concomitant formation of 93 (Scheme 47). The 
catalytic formation of 93 is believed to involve ortho-C-H activation of aniline as the first 
step of a complex catalytic cycle. The basicity of the arylamine was shown to play an 
important role: the lower the basicity, the higher the TON. Subsequent studies revealed that 
ionic liquids such as n-Bu4PX salts (X = Cl−, Br−, I−) promoted the activity of the Pt-
catalyst for the HA of ethylene and 1-hexene with aniline.128, 129 
Ar NH2 R
R = H or C4H9
N
H
R N R
or
     PtBr2
   0.3 mol%
n-Bu4PBr, 150 oC, 10h 80-95% Yield 6-17% Yield
92 93
Ar R1
 
Scheme 47: Platinum-catalysed HA of unactivated alkenes with aniline. 
 
An intramolecular Pt catalyst for the HA of γ- and δ-amino olefins to form nitrogen 
heterocycles was reported by Widenhoefer and Bender (Scheme 48).130 Compared to the 
aforementioned Pd catalyst (Scheme 41),118 which was active for the intermolecular HA of 
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weakly basic sulfonamides and carbamates, this Pt-catalyst demonstrated activity only for 
more basic secondary amines (Scheme 48). The Pt catalyst is believed to activate the 
amino-group (resembling early TMs), unlike the Pd-complex which is thought to form an 
alkyl-metal complex with the alkene. This defies Beller’s earlier speculation that activation 
of amines by platinum would be difficult to achieve and that amino-activation by late TMs 
would result in enamines.16  
N
dioxane, 120 oC, 2-40hn =1, 2
57-92% Yield
R4
R3
R2
H
N
R1
R3 R2
R4 R
1
[PtCl2(CH2=CH2)]2/ PPh3
       2.5 mol%/ 5 mol%
n n
R1 = Bn, Cy, CH2CH2OBn, CH2Ar
R2, R3 = Me, Ph, Cyclohexane
R4 = H, Me
94 95
 
Scheme 48: Platinum-catalysed intramolecular HA of aminoalkenes. 
 
Widenhoefer and Ross also developed a Pt catalyst for the intermolecular addition 
of carboxamides and amides to ethylene to afford the corresponding HA product 96 
(Scheme 49).131 The scope of the reaction is limited ethylene only, and high-pressure 
conditions and long reaction times were required. Switching from PPh3 to electron-deficient 
P(4-CF3C6H4)3 ligand allowed extension of the substrate scope to include certain activated 
alkenes such as styrene. The reaction of carboxamides and sulfonamides with vinylarenes 
yielded the branched product 97 regioselectively in modest to good yields and under milder 
conditions (Scheme 49).132  
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Scheme 49: HA reaction catalysed by a platinum phosphine complex. 
 
A comparison of the proposed inter and intra-molecular platinum-catalysed HA 
mechanisms reveals fundamental differences and similarities (Scheme 50).130, 132 For the 
intramolecular reaction, a mechanism was proposed which envisaged initiation by outer-
sphere attack of the amide on a Pt-complexed olefin. Stoichiometric reactions of the 
platinum phosphine dimer [PtCl2(PPh3)]2 with 94 led to identification of a Pt-amine 
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complex A and a zwitterionic complex C by 1H NMR spectroscopy. Although a Pt-amine 
complex A was identified, the authors propose outer-sphere attack of the pendant amine on 
a π-coordinated-platinum species B. A deprotonation/chloride displacement step from C is 
supported by the identification of D (1H NMR), which is followed by intermolecular 
protonolysis of the Pt-C bond of D to form a Pt(VI) hydride intermediate E. Finally, ligand 
exchange from Pt-amine complex F releases 95 and regenerates A or perhaps B directly. In 
contrast, the catalytic cycle for the intermolecular reaction does not invoke an equivalent 
Pt-amido species. Instead, outer-sphere attack of the amide on the Pt-olefin complex I, 
followed by formation of zwitterionic complex II similar to C was postulated.  Loss of HCl 
from II followed by protonolysis of the Pt-C bond of the resulting Pt-β-aminoalkyl 
complex III, would release HA product 97 with regeneration of the catalyst. 
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Scheme 50: Proposed mechanism for intra and inter-molecular Pt-catalysed HA reactions. 
In summary, Pd catalysts have demonstrated the broadest substrate scope for 
intermolecular HA reactions. In particular, the stereoselectivity exhibited thus far is 
unrivalled by any of the other TM-catalysts. Addition of amines to unusual substrates such 
as trienes and enolethers has been reported, however, the lack of examples relating to 
unactivated olefins is noticeably lacking. Furthermore, where Ni and Pd-catalysts have 
predominantly been used to catalyse the addition of aromatic amines to activated alkenes, 
Pt catalysts have displayed different reactant scope. Evidently, Pt showed greater success 
with weakly basic nitrogen-containing substrates and unactivated alkenes.  
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1.8 Group 11 Metal Catalysts 
 
The chemistry of copper is rich in mechanistic possibilities, oxidation states of 0–3 
are accessible, and two electron, as well as one-electron transfer processes are possible. 
Moreover, Cu-salts can act as either catalytic cross-coupling agents, Lewis acids or 
oxidizing agents. Copper has a high affinity for both polar functional groups such as amines 
and alcohols as well as π-bonds, making it a logical tool for advancing the reactions of 
these functional groups. However, application of Cu-complexes has seldom been reported 
for non-aza Michael type reactions, but Cu-complexes are commonly employed as a Lewis 
acid catalyst. Furthermore, no Ag-catalysts for the HA reaction have been reported so far.     
Gold(I) phosphine complexes have been studied extensively,133 and their application 
as HA catalysts has emerged in recent years.18 In general, coordination numbers in 
mononuclear gold compounds range from two to six with two (linear arrangement) being 
the most common coordination number for Au(I). Au(I)-catalysts can activate the alkene 
towards nucleophilic attack by an amino group by π-coordination.   
 
1.8.1 Copper-Catalysed aza-Michael Reactions 
 
The first enantioselective Cu-catalysed conjugate addition of carbamates to enones 
was reported by Garcia et al. in 2004 (Scheme 51).134 Employing 10 mol% of Evans’ 
bis(oxazoline)-copper complex 98,135 α-hydroxy enone 99 reacts with benzyl carbamate to 
give the β-amino-protected carbonyl adduct 100 in 86% yield and, notably, 96% ee. The 
scope of the reaction was demonstrated by employing other α-hydroxy enones bearing both 
linear and branched aliphatic chains (R1) and other alkyl carbamates. In most cases, good 
yields and ee’s can be maintained. Notably, the addition of tert-butyl carbamate proceeds in 
shorter reaction times.  
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Scheme 51: Copper-catalysed hydroamidation of carbamates to α-hydroxy enones. 
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Interestingly, the copper catalyst failed to activate less reactive alkenoyl-N-
oxazolidinones towards nucleophilic addition of carbamates. Also, alkyledene malonate 
101 (Figure 3) gave 80% yield of a racemic mixture. The copper catalysts is believed to 
activate the α-hydroxy enones to nucleophilic attack through a 1, 4-binding pattern. 
  
O O
MeO OMe
101  
Figure 3: Alkylidene malonate. 
 
1.8.2 Gold-Catalysed Addition of Amino Derivatives to Alkenes  
 
Widenhoefer, Han and Bender developed an effective Au(I)-catalysed protocol for 
the intramolecular hydroamidation of N-alkenyl carboxamides 102 to form protected 
pyrrolidines, piperidines, and heterobicyclic compounds 103 (Scheme 52).11, 136 The 
catalyst was effective for primary and secondary alkyl carboxamides, aryl carboxamides, 
and primary ureas and also tolerated the presence of carboxylic esters and unprotected 
hydroxyl groups.  
Au[P(t-Bu)2(o-biphenyl)]Cl/AgOTf
                   5 mol%/5 mol%
dioxane, 80 oC, 2-24h 79-99% Yield
N
R2
R2
NH
R3O
R2
R1
R1
R2
R3 O
R1
R1
102 103
R1 = Ph, Me, Cyclohexane,
R2 = H, Me, Ph 
R3 = Ac, CONHPh, Cbz, Boc, Fmoc  
Scheme 52: Au-catalysed intramolecular hydroamidation of carboxamides with unactivated 
alkenes. 
 
Similarly, under thermal conditions, (PPh3)AuOTf  can be applied to intramolcular 
hydroamidations of sulfonamides and amides (Scheme 53).137 Facile formation of 
benzofused cyclic sulfonamides 105 was achieved by employing 5 mol% of catalyst, 
whereas cyclisation of carboxamides 106 to form pyrrolidinones 107 was comparably 
sluggish, requiring a stoichiometric equivalent of Au(I)-catalyst.     
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Scheme 53: Au-catalysed intramolecular hydroamidation reaction of sulfonamides and 
carboxamides with unactivated alkenes. 
At about the same time He, Yang and Zhang had developed the same catalyst 
system for the cyclisation of 108 to provide 109, but utilising PPh3AuCl and AgOTf to 
generate the same catalyst in situ (Scheme 54).138 The scope was extended to include 
intermolecular additions of sulfonamides to unactivated alkenes (e.g., cyclohexene and 1-
octene) and activated alkenes (e.g. norbornene and styrene). Concurrently, Chi, Li and Liu 
demonstrated the use of microwave radiation, enabling the completion of the reaction in 
much shorter times than under conventional thermal conditions.137 
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Scheme 54: Au-catalysed intra and intermolecular-catalysed addition of sulfonamides to 
unactivated alkenes. 
Subsequently, this method was used in the addition of carbamates and sulfonamides 
with activated 1,3-dienes to afford protected allylic amines 110 in good to high yields 
(Scheme 55).139 
                  (PPh3)AuOTf
                      5 mol%
DCE, rt, overnight  33-87% Yield
R = BnO, Tol, X = CO or SO2
R
X
NH2
HN X
R
110
 
Scheme 55: Gold-catalysed HA of 1,3-dienes with sulfonamides and carbamates. 
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Mixing CbzNH2 with Ph3PAuOTf did not lead to an observable shift of the original 
31P NMR signal, from which it was concluded that no or a weak interaction existed between 
the nitrogen and the catalyst.139 However, upon addition of the diene substrate, a shift of the 
31P signal was observed, which was further supported by 13C NMR spectroscopic study. A 
proposed reaction mechanism envisages an activation pathway involving binding of 
Ph3PAuOTf to the alkene (Scheme 56). After the formation of π-complex II, the 
nucleophile attacks anti to the gold centre and the resulting Au-C bond III is protonated to 
give the desired product, regenerating the catalyst I. 
 (PPh3)AuOTf
R
X
NH2
HN X
R
110
Au
PPh3
HN X
R
Ph3PAu
OTf
I
II
III
OTf
 
Scheme 56: Proposed mechanism for Au-catalysed HA of 1,3-dienes with sulfonamides 
and carbamates. 
Following these publications, the He group demonstrated that for these 
transformations, triflic acid demonstrated comparable activity to the cationic Au-catalyst, 
but operating at lower temperatures and lower catalytic loadings.140 A similar study was 
conducted by Hartwig et al.141 and corroborated results obtained by He et al. Hartwig 
suggested that the comparable yields between metal triflates and triflic acid imply that 
Brønsted acid is being generated in the metal-catalysed reaction. The implication being that 
Brønsted acid is ultimately the active catalyst and thus reduces the role of the metal to a 
bystander. However, this oversimplification was challenged by He’s experiments which 
showed that the reaction of 4-phenyl-1-butene with Ph3PAuOTf afforded approximately 
75% of 4-phenyl-2-butene in a 2:1 E:Z ratio, whereas triflic acid decomposed this 
molecule. Moreover, triflic acid generated more side products than the gold-catalysed 
process and 31P NMR study did not detect formation of Ph3PAuNHTs. Contrarily, NMR 
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studies support the formation of a π-coordinated alkene gold species, which can generate an 
incipient carbo-cation that traps weak nucleophiles similar to an acid-catalysed process.      
In summary, gold-catalysts have generally exhibited comparable reactant scope to 
that of platinum systems, but operating under relatively milder conditions. Platinum and 
gold catalysts both display the same regioselectivity with unsymmetrical olefins affording 
the branched products in all cases.  
 
1.9 Group 12 Metal Catalysts 
 
Group 12 HA catalysts are noticeably lacking and only two Zn-catalysts have been 
reported. A series of aminotroponiminate zinc-complexes were synthesised by Roesky et 
al., and tested for catalytic activity in the intramolecular HA of aminoalkenes 111 (Scheme 
57).142-144 Excellent conversions were obtained in most cases and for strained norbornene 
derivatives (R= norbornyl); the cyclisation preferentially took place at the terminal acyclic 
double bond. However, stereoselectivity was observed with these catalysts, consistently 
forming 1:1 mixture of diastereoisomers of 112. Changing from a thiophene to a furan 
moiety resulted in prolonged reaction times (15 times slower), attributed to the more 
effective chelation of the aminofuran to the zinc catalysts. A ligand design study revealed 
that complexes bearing cyclic alkyl groups (113, R = cyclohexyl) showed superior 
activity.145 Catalysts 113 demonstrated good activity in the catalytic conversion of non-
activated C=C double bonds, and a relatively high stability towards moisture and air. The 
reaction mechanism is still yet to be elucidated and the role of co-catalyst 
[PhNMe2H][B(C6F5)4] was not discerned. 
C6H6, 80 oC, 10 min-30h
36-100% Conversion
R = Me, R = Ph, R = Norbornyl R = Cyclohexyl
H
N
R R
X N X
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N N
ZnR R
X = Aryl, Pyridine, Indole, Thiophene, Furan
     2.5 mol%/ 2.5 mol%
111
113
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Scheme 57: Zinc-catalysed intramolecular HA of aminoalkenes. 
Finally, the reaction between aromatic amines and 1,3-cyclohexadiene was 
efficiently catalysed by Zn(OTf)2 in a ionic liquid–organic liquid two-phase system 
(Scheme 58).146 The reaction provided 114 (R = Et or iPr) as the major product (75% yield) 
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after 40 hours. The dimer of 1,3-cyclohexadiene 115 was observed as the major secondary 
product. The scope is somewhat limited as other aromatic amines (e.g. phenylamine and 4-
fluoro-phenylamine) did not react with 1,3-cyclohexadiene. After the reaction the catalyst 
remains in the ionic liquid, which can be easily separated from the organic phase and 
reused.  
EtMeIm+TfO-/n-heptane, rt, 40h
75% Yield
R = Et,  iPr
     10 mol%NH2R
NH
R
Zn(OTf)2
114
115
N
N
EtMelm+TfO-
OTf
 
Scheme 58: Zinc-catalysed intermolecular additions of anilines to 1,3-cyclohexadiene. 
1.10 Conclusions 
 
The foregoing sections have demonstrated the extensive research efforts that have 
gone into the development of HA catalysts with significant progress being made in the last 
decade. Lanthanide and early TM complexes have mainly been employed as catalysts for 
the intramolecular cyclisation of amino alkenes, with some notable applications to 
intermolecular HA of alkoxyamino derivatives with α,β-unsaturated carbonyl compounds.  
In contrast, late TM complexes have more frequently been employed as catalysts for the 
intermolecular HA reaction, but unlike early TM catalysts, the reaction scope has 
encompassed unactivated alkenes. In addition, late TM catalysts have been applied to all 
the various types of activated and unactivated alkenes with some unusual examples of N-H 
addition to trienes and enol ethers. The versatility of late TM complexes is further 
exemplified by their application as catalysts to the addition of weakly nucleophilic amides, 
carbamates and sulfonamides to activated alkenes.  
Given that early TM complexes have mainly been developed for intramolecular HA 
reactions, it is unsurprising that yttrium and scandium complexes have proven to the best 
catalysts for enantioselective cyclisation of aminoalkenes. For the intermolecular HA 
reaction, examples of enantioselective catalysts include iridium, nickel, palladium and 
copper complexes. Palladium catalysts have clearly demonstrated the widest scope for the 
enantioselective intermolecular HA reaction, which mainly involve HA of conjugated 
alkenes (e.g. vinylarenes and α,β-unsaturated carbonyl compounds) with aromatic amines. 
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However, no general catalyst has been described, which combines high catalytic activity 
and a consistent high level of enantioselectivity for a wide range of substrates.  
Challenges for the future include asymmetric HA reactions of terminal and internal 
non-activated carbon-carbon double bonds. Although primary amines are accessible via HA 
of alkynes using ammonia equivalents,147 the direct addition of ammonia to alkenes under 
mild conditions has remained elusive. Given that alkenes are common in synthetic 
chemistry and ammonia is cheap and readily available, asymmetric HA of alkenes with 
ammonia would be highly desirable from an atom-economical and cost-efficiency points of 
view. Even though significant progress in TM-catalysed HA reactions has been made, a 
catalyst which offers high catalytic activity and enantioselectivity with broad substrate 
scope is necessary before the HA reaction becomes a standard methodology in synthetic 
chemistry.  
 
1.11 Project Aims 
 
The objective of this research project is to design and develop novel catalytic 
systems that can facilitate the hydroamination to olefin substrates containing a prochiral 
double bond, preferably in a stereoselective manner. 
The olefin may be activated either electronically e.g. enones, styrene or sterically 
strained, e.g. norbornene. The scope of the nitrogen nucleophile will be investigated, 
particularly with weakly nucleophilic amides, carbamates and sulfonamides. Late transition 
metal catalysts are chosen for this task, as they tend to exhibit better air- and moisture-
stability and greater tolerance towards functional groups. 
At the beginning of this project in 2004, ruthenium-, rhodium- and copper- 
catalysed HA reactions were limited to a few examples with limited scope, and were 
therefore chosen as initial candidates for our study. Most of the mechanisms that have been 
proposed for the HA reaction involve ligand dissociation as a key step in the reaction 
process. Optimising the constitution of the catalyst thus requires a balance between the 
stability of the TM-complex and the need to incorporate dissociable ligands. Complexes 
possessing a free coordinating site or highly labile ligand (e.g. COD, CH3CN) were 
screened. Ideally, the complex should be cationic so it can either act as a Lewis acid or 
form π-complex with the olefin, thus activating it towards nucleophilic additions.  
Next, different ligands containing phosphine, nitrogen or oxygen donor atoms were 
screened for reactivity and selectivity. Catalysts that are ligand-accelerated can be made 
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enantioselective using a chiral version of the ligand effecting on the enantioselectivity of 
the product. 
Catalysts which are found to be active for the HA reaction will be optimised by 
varying reaction conditions, e.g. catalytic loading, solvent, temperature, metal-to-ligand 
ratio. The effect of additives such as co-catalysts (e.g. acids) or halide abstracting silver 
salts will also be investigated. Finally yet importantly, mechanistic investigations will be 
conducted using kinetic and spectroscopic methods. 
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2. Development of TM-Catalyst for N-H Additions to Alkenes 
 
2.1 Synthesis and Screening of Ruthenium and Rhodium Complexes   
 
Guided initially by the relatively few rhodium and ruthenium-catalysed HA 
reactions reported in the literature, we began our study by assembling a collection of metal 
complexes that corresponded to our design rationale discussed earlier. Rhodium and 
ruthenium precursors were either obtained commercially such as Rh2(OAc)4, 
[CpRuCl(PPh3)2], [CpRuCl(PPh3)2], [Cp*RuCl2]n, or synthesised by following published 
procedures (Table 8). Rhodium complexes (entries 1-6) were synthesised from 
commercially available RhCl3.H2O in moderate to good yields. The [RhCl(C2H4)2]2 was 
synthesised according to published procedures148 and subsequently employed in the 
preparation of Rh(acac)(C2H4)2 (entry 4). Ruthenium complexes (entries 7-14) were 
synthesised from commercially available RuCl3.H2O and the corresponding ligand to give 
the catalyst precursors in moderate to good yields. The appearance, melting points and IR-
spectra indicate that all rhodium and ruthenium complexes were successfully synthesised. 
 
Table 8: Synthesis of ruthenium and rhodium complexes. 
Entry Complex Reaction Scheme 
Yield 
/% 
1 [RhCl(COE)2]2149  
     RhCl3.3H2O
+  4C8H14 
+  CH3CH(OH)CH3
Reflux, 
5 days
  [RhCl(η2-C8H14)2]2 
+ CH3COCH3 
+ 2HCl  
56 
2 [RhCl(COD)]2149  
 
    2RhCl3.3H2O 
+  2C8H12 
+  2CH3CH2OH 
+  2Na2CO3
Reflux, 
18h
  [RhCl(η4-C8H12)]2 
+ 2CH3CHO 
+ 4NaCl 
+ CO2 
+  2H2O  
49 
3 [Cp*RhCl2]2150  
 
    2RhCl3.3H2O  
            +  
      2C5Me5H
Methanol, 
    48h
  [Cp*RhCl2]2  
+ 2HCl
 
60 
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4 [Rh(acac)(C2H4)2]148  
 
    2Rh2Cl2(C2H4)4 
+  2CH3COCH2COCH3  
+  2KOH
Et2O
-20 oC, 
   1h
2Rh(acac)(C2H4)2 
+  2H2O  
+  2KCl
34 
 
5 
 
[RhCl(NBD)]2151  
 
    2RhCl3.3H2O 
+  2C7H8 
+  2CH3CH2OH 
+  2Na2CO3
Reflux, 18h
  [RhCl(η4-C7H8)]2 
+ 2CH3CHO 
+ 4NaCl 
+ CO2 
+  2H2O  
17 
6 [Rh(COD)2][OTf]151  
 
    [RhCl(COD)]2
+  AgOTf
+  C8H12
DCM, r .t, 1h
[RhCl(COD)2][OTf]
+  AgCl
 
66 
7 [(COD)RuCl2]n152  
 
    2RuCl3.3H2O 
+  2C8H12 
+  CH3CH2OH
Reflux, 
24h
 2 [RuCl2(η4−C8H12)]n 
+ CH3CHO
+ 2HCl  
81 
8 [RuCl2(PPh3)3]153  
 
    RuCl3.3H2O 
+  9 PPh3 Methanol,
60 oC, 
3h, N2
  [RuCl2(PPh3)3]
 
85 
9 [(COD)Ru(acac)2]154  
 
DMF,
140 oC, 
1h
 [RuCl2(η4−C8H12)]n 
+ CH3COCH2COCH3
+ 2NaCO3
  [Ru(acac)(η4−C8H12)]n 
+ 2NaCl
+ CO2
+ CO
27 
10 
 
[(COD)RuCl2(NCCH3)2]152 
 
Reflux, 5h
 2 [RuCl2(η4−C8H12)]n 
+ CH3CN
 [RuCl2(η4−C8H12)(NCCH3)2]
 
22 
11 [(COD)RuCl(NCCH3)3][PF6]152
 
Reflux, 1h
 [RuCl(η4-C8H12)(NCCH3)3][PF6]
+ NH4Cl
[RuCl2(η4−C8H12)(NCCH3)2] 
+ CH3CN
+ NH4[PF6]
 
65 
54 
 
12 [(COD)Ru(NCCH3)4][PF6]2152  
 
Reflux, 3h
 [RuCl(η4-C8H12)(NCCH3)3][PF6]
+ CH3CN
+ AgPF6
 [Ru(η4-C8H12)(NCCH3)4][PF6]2
+ AgCl  
75 
13 [(COD)RuBr2(NCCH3)2]152  
 
Reflux, 1h
 [RuCl2(η4−C8H12)]n
+ 2CH3CN
+ 2LiBr
 [RuBr2(η4−C8H12)(NCCH3)2].xH2O
+ LiCl  
44 
14 [(COD)Ru(2-methylallyl)2]155 
 
Reflux, 12h
 [RuCl2(η4−C8H12)]n
+ 2C4H7MgBr
 [Ru(η3-C4H7)2(η4−C8H12)]
+ 2MgBrCl  
65 
 
Initially, the ruthenium and rhodium precursors were screened under different 
reaction conditions, consisting of combinations of phosphine ligand, triflic acid, silver salt 
and different reaction temperatures.  
A kinetic analysis of Lewis acidic metals (Pd, Rh, Zn, and Cu) in the presence of 
triflic acid for the intramolecular HA of 3-aminopropyl-vinylether 116 was reported by 
Muller and Su (Scheme 59).156  For the Pd-catalysed cyclisation, the addition of 10 
equivalents of triflic acid increased the initial rate of reaction by a factor of 16. Similarly, 
the initial rate of the Rh-catalysed cyclisation was increased by a factor of 6 upon addition 
of triflic acid, however, a control reaction employing only triflic acid was not reported and 
it is unclear whether the reaction is Brønsted acid catalysed.    
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Scheme 59: Kinetic analysis of the TM-catalysed cyclisation of 3-aminopropyl-vinylether 
116. 
 
As previously mentioned, Hartwig et al., also demonstrated the importance of triflic 
acid in the Ru-catalysed HA of morpholine to styrene.13 Thus, it was decided to include 
acid in the HA screening methodology.  
The phosphine ligand dppb and DPPPent are readily available ligands in the 
laboratory and were used in the initial screening of all of the metal precursors. All reactions 
were carried out under an inert nitrogen atmosphere at the specified temperatures. 
The screening process was facilitated by the use of a 12-place Radley’s reaction 
carousel. The order of screening was as follows:- 
1. The Ru and Rh precursors were initially screened for catalytic activity in the 
absence of any ligands, acid and silver salt; 
2. The precursors were deployed in the presence of the phosphine ligand, which was 
allowed to react with the TM-precursors for an hour before the addition of the 
reactants. 
3. In the hope of generating cationic species in situ, the addition of silver salt was used 
to achieve this. 
4. The reaction was conducted in the presence of a triflic acid.  
 
Our choice of substrates was guided by their frequency of use as reactants in TM-
catalysed HA reactions published in the literature. Thus, for each amine/olefin pair, 19 
catalytic conditions were assessed for the Rh-catalysed addition of amines, amides and 
carbamates to activated alkenes (e.g., styrene, norbornene, cyclohexenone and the N-imide 
substrate 118) (Table 9). However, none of these conditions yielded observable products 
(119-124), as indicated by TLC and 1H NMR of the crude reaction mixtures. Additions of 
benzylamine, methylcarbamate and benzamide to the activated α, β-unsaturated carbonyl 
compound 2-cyclohexen-1-one and 118 were conducted in the presence of the rhodium 
precursors at 25 oC and 100 oC, followed by introduction of a phosphine ligand, and if 
applicable, a silver salt. Under these conditions, products 122-124 were not observed, as 
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indicated by TLC and NMR of the crude reaction mixture. The failure of Rh-complexes to 
catalyse the HA was confirmed by the identification of the alkene protons in the 1H NMR 
and the appearance of unconsumed amine/amide by TLC.      
 
Table 9: Screening of rhodium complexes using aniline and styrene substrates.a 
Reaction Schemes 
Ph NH2
 
 
 
1,4-dioxane, 100 oC,18h
5 mol% [Rh], 5 mol% Ligand
 
NHPh
119  
Ph Ph NH2  
Ph N
H
Ph
H
N
Ph Ph
120 121
 
R NH2
OO
R = Ph, OMe  
N
H
O
122
O
R
 
N
H
O O
Ph
Ph NH2
118  
DCM, 25 oC,18h
5 mol% [Rh], 5 mol% Ligand
 
N
H
O O
Ph
NHPh
123  
Ph NH2
O
 Ph NH
O
124  
Entry Rhodium 
Complex 
T/ oC Ligand  Acid  Additiveb Yield 
/%  
1 
Rh2(OAc)4 
25/100 - - - NR 
2 25/100 dppb - - NR 
3 25/100 dppb - AgOTf (2) NR 
4 
[RhCl(COE)2]2 
25/100 - - - NR 
5 25/100 dppb - - NR 
6 25/100 dppb - AgOTf (1) NR 
7 
[RhCl(COD)]2 
25/100 - - - NR 
8 25/100 dppb - - NR 
9 25/100 dppb - AgOTf (1) NR 
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10 
[Cp*RhCl2]2 
25/100 - - - NR 
11 25/100 dppb - - NR 
12 25/100 dppb - AgOTf (2) NR 
13 
[Rh(acac)(C2H4)2] 
25/100 - - - NR 
14 25/100 dppb - - NR 
15 
 
[RhCl(Nbd)]2 
25/100 - - - NR 
16 25/100 dppb - - NR 
17 25/100 dppb - AgOTf (1) NR 
18 
[Rh(COD)2][OTf] 
25/100 - - - NR 
19 25/100 dppb - - NR 
a Reaction conditions: 5 mol% Rh, 5 mol% dppb, amine or amide (1.0 mmol), olefin (2.0 
mmol), 1,4-dioxane (1 mL)/ 100 oC or DCM (1 mL)/ 25 oC, 18 h, N2 atmosphere bValue in 
parenthesis corresponds to equivalents of silver salt employed, with respect to the Rh 
complex.   
 
The lack of positive results from the screening of Rh complexes prompted our 
ensuing investigation of Ru complexes for the HA reaction. Once again, the addition of 
amines and amides to a range of alkenes (e.g., styrene, norbornene and 118) was examined 
(Table 10). Disappointingly, only 2 of the 88 catalytic reactions yielded HA products 
(Table 10, entries 19 and 88). The successful addition of morpholine to styrene, 
corresponds to the protocol reported previously by Hartwig and co-workers.13 Product 125 
was obtained in 86% yield and was characterised by 1H NMR which exhibits the two CH2 
as triplet resonance in the 1H NMR spectrum at 3.74 ppm. The other positive result was for 
the formation of product 132 from the addition of methylcarbamate to norbornene utilising 
a system consisting of [Cp*RuCl2]n/AgOTf/dppb (heated in toluene at 90 oC for 1 hour 
prior to addition of reactants).  
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Table 10: Screening of ruthenium complexes for the HA of amines and amides to activated 
alkenes.a 
Reaction Schemes 
NH2
R = (a) H  
       (b) 4-Me
R
 
Ph
1,4-Dioxane, 24h
5 mol% [Ru]
 
Ph N
H
Ar
Ph
H
N
Ar
126125
or
 
O NH
 
Ph N
O
127
128
Ph
N
O
or
 
X
NH2X = (a) CO, 
       (b) CH2
Ph
NH
X Ph Ph
H
N
X
Ph
129 130
or
 
N
H
O O
Ph NH2
118
 
5 mol% [Ru]
Toluene, 24h
 
Ph N
H
O O HN
Ph
131  
R NH2
O
R = (a) 4-MeOC6H4 
       (b) OMe  
R N
H
O
132  
Entry Ruthenium Complex T 
/oC 
Ligand  Acid  Additiveb Yield
/% c 
1 
[(COD)RuCl2]n 
25 - - - NR 
2 25 DPPPent - - NR 
3 25 DPPPent TfOH - NR 
4 25 DPPPent - AgOTf (2) NR 
5 25 DPPPent - AgPF6 (2) NR 
6 100 - - - NR 
7 100 DPPPent - - NR 
8 100 DPPPent TfOH - NR 
9 100 DPPPent - AgOTf (2) NR 
10 100 DPPPent - AgPF6 (2) NR 
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11 
[Cp*RuCl2]n 
25 - - - NR 
12 25 DPPPent - - NR 
13 25 DPPPent TfOH - NR 
14 25 DPPPent - AgOTf (3) NR 
15 25 DPPPent - AgPF6 (3) NR 
16 100 - - - NR 
17 100 DPPPent - - NR 
18 100 DPPPent TfOH - NR 
19 100 DPPPent - AgOTf (3) 56d 
20 100 DPPPent - AgPF6 (3) NR 
21 
[RuCl2(PPh3)3] 
25 - - - NR 
22 25 DPPPent - - NR 
23 25 DPPPent TfOH - NR 
24 25 DPPPent - AgOTf (2) NR 
25 25 DPPPent - AgPF6 (2) NR 
26 100 - - - NR 
27 100 DPPPent - - NR 
28 100 DPPPent TfOH - NR 
29 100 DPPPent - AgOTf (2) NR 
30 100 DPPPent - AgPF6 (2) NR 
31 
[CpRuCl(PPh3)2] 
25 - - - NR 
32 25 DPPPent - - NR 
33 25 DPPPent TfOH - NR 
34 25 DPPPent - AgOTf (1) NR 
35 25 DPPPent - AgPF6 (1) NR 
36 100 - - - NR 
37 100 DPPPent - - NR 
38 100 DPPPent TfOH - NR 
39 100 DPPPent - AgOTf (1) NR 
40 100 DPPPent - AgPF6 (1) NR 
41 
[(COD)Ru(acac)2]  
25 - - - NR 
42 25 DPPPent - - NR 
43 25 DPPPent TfOH - NR 
44 100 - - - NR 
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45 100 DPPPent - - NR 
46 100 DPPPent TfOH - NR 
47 
 
[(COD)RuCl2(NCCH3)2] 
25 - - - NR 
48 25 DPPPent - - NR 
49 25 DPPPent TfOH - NR 
50 25 DPPPent - AgOTf (2) NR 
51 25 DPPPent - AgPF6 (2) NR 
52 100 - - - NR 
53 100 DPPPent - - NR 
54 100 DPPPent TfOH - NR 
55 100 DPPPent - AgOTf (2) NR 
56 100 DPPPent - AgPF6 (2) NR 
57 
[(COD)RuCl(NCCH3)3][PF6] 
25 - - - NR 
58 25 DPPPent - - NR 
59 25 DPPPent TfOH - NR 
60 25 DPPPent - AgOTf (1) NR 
61 25 DPPPent - AgPF6 (1) NR 
62 100 - - - NR 
63 100 DPPPent - - NR 
64 100 DPPPent TfOH - NR 
65 100 DPPPent - AgOTf (1) NR 
66 100 DPPPent - AgPF6 (1) NR 
67 
[(COD)Ru(NCCH3)4][PF6]2 
25 - - - NR 
68 25 DPPPent - - NR 
69 25 DPPPent TfOH - NR 
70 100 - - - NR 
71 100 DPPPent - - NR 
72 100 DPPPent TfOH - NR 
73 
[(COD)RuBr2(NCCH3)2] 
25 - - - NR 
74 25 DPPPent - - NR 
75 25 DPPPent TfOH - NR 
76 25 DPPPent - AgOTf (2) NR 
77 25 DPPPent - AgPF6 (2) NR 
78 100 - - - NR 
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79 100 DPPPent - - NR 
80 100 DPPPent TfOH  NR 
81 100 DPPPent - AgOTf (2) NR 
82 100 DPPPent  AgPF6(2) NR 
83 
[(COD)Ru(methylally)2] 
25 - - - NR 
84 25 DPPPent - - NR 
85 25 DPPPent TfOH - NR 
86 100 - - - NR 
87 100 DPPPent - - NR 
88 100 DPPPent TfOH  86e 
a Reaction conditions: 5 mol% Ru, 5 mol% DPPPent, amine or amide (1.0mmol), olefin 
(2.0 mmol), 10 mol% triflic acid,1,4-dioxane (1 mL) or toluene (1 mL), 24 h, N2 
atmosphere. b Value in parenthesis corresponds to equivalents of silver salt employed, with 
respect to the Ru complex. c Isolated yield after column chromatography. d yield 
corresponds to the formation of product 132b from the addition of methylcarbamate to 
norbornene. e yield corresponds to the formation of product 126 from the addition of aniline 
to styrene. 
 
2.1.1 Investigation of Ruthenium-Catalysed Hydroamidation Reaction 
 
Encouraged by the modest yield for the Ru-catalysed addition of methylcarbamate 
to norbornene, a study was conducted to uncover any ligand acceleration effect (Table 11). 
A combination of [Cp*RuCl2]2 and silver triflate did not lead to any reaction in the absence 
of ligand (entry 1). Addition of a phosphine ligand resulted in product formation (entries 2-
6). Bidentate phosphine ligands with rigid structures imposed by biaryl, Xanthane or 
ferrocenyl structures were found to have a small effect on the catalytic activity (entries 2, 3 
and 4). In contrast, bidentate phosphine ligands based on linear alkyl chains were found to 
have higher catalytic activity (entries 5, 6).  
The corresponding molecular ion of product 132b (M+ 169) was observed by EI-MS 
and the recorded melting point (88-89 oC) of the product correlated well with the literature 
value (89-91 oC).157 The product was further characterised by IR, 1H and 13C NMR 
spectroscopy.  The 1H NMR spectrum exhibited a broad singlet resonance signal at 3.55 
ppm, corresponding to the non-bridgehead CH methine proton and the C=O resonance 
signal was observed in the 13C NMR at 156.3 ppm.  
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Table 11: Screening of phosphine ligand for the reaction of methylcarbamate with 
norbornene.a 
MeO N
H
O
132b
5 mol% [Cp*RuCl2]n
toluene, 24hMeO NH2
O
 
Entry Additive/Ligand Yield/%b 
1 AgOTf/- NR 
2 AgOTf /BINAP    
PPh2
PPh2
rac-BINAP  
2.2 
3 AgOTf /XANTPHOS 
Xantphos
O
PPh2PPh2
 
31 
4 AgOTf /DPPF 
Fe
PPh2
PPh2
dppf  
38 
5 AgOTf / Ph2P(CH)2PPh2 (dppe) 50 
6 AgOTf / Ph2P(CH)4PPh2 (dppb) 54 
a Reaction conditions: 5 mol% [Cp*RuCl2]n, 5 mol% ligand, methylcarbamate (1.0 mmol), 
norbornene (1.5 mmol), toluene (1 mL), 24 h, N2 atmosphere. b Isolated yield after 
recrystallisation. 
2.1.2 Conclusions 
 
Initial screening of Rh and Ru complexes led to only two positive results. In certain 
cases, the failure of the Rh and Ru catalyst were attributed to the deactivation of the metal 
centre by the irreversible coordination of the amine. Both RuII and RuIII have been shown to 
form fairly strong bonds with amines.158-160 Blocking of vacant coordination sites may be 
due to strong π-acceptor character of the diene ligand, which reduces the electron density of 
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the metal centres, and causes strengthened σ-donation of the amine. However, substitution 
of the diene ligand for a phosphine ligand also appeared to have no effect on reactivity. We 
tentatively suggest that the phosphine is unable to promote catalytic activity because of its 
π-acidic character. This can also induce strong σ-bonding of the amine via back donation of 
electron density into the phosphine’s σ*-orbital. The consequence being that the amine will 
not become activated towards nucleophilic attack, and no vacant site is available for the 
coordination of the olefin to the metal centre. 
In comparison, the addition of morpholine to styrene was catalysed by a Ru 
complex containing relatively labile diene and allyl ligands, but Ru complexes bearing 
nitrile, halide and oxygen donor ligands were ineffective as catalysts. The aforementioned 
mechanistic studies 81 suggest that facile exchange of the diene ligand for a diphosphine is 
necessary to generate the active catalyst. Furthermore, triflic acid is required to induce 
styrene to form a η6 -styrene ruthenium complex. On the other hand, the addition of methyl 
carbamate to norbornene was catalysed by a system consisting of 
[Cp*RuCl2]n/AgOTf/dppb, which possibly generates a cationic diphosphine ligated Ru 
catalyst in situ. Thus, the availability of a free coordination site is achieved by abstraction 
of the halide by the silver salt.  
In conclusion, the irreversible coordination of amine substrate to the metal centre 
may account for the paucity of literature precedence of Ru-catalysed HA reactions. It was 
noted that in the two reported ruthenium systems, either very high pressures (>30000 Torr) 
were utilised or the presence of a very strong acid (triflic acid) was required as a co-
catalyst.13, 79 Having screened a large number of ruthenium and rhodium complexes two 
positive results were identified, only one of which represents an advancement to a new 
application: the addition of methylcarbamate to norbornene can be achieved using a three-
component system consisting of [Cp*RuCl2]n, AgOTf and dppb in modest yield. 
Nevertheless, this is an indication that weakly nucleophilic amides and carbamates may be 
used in the HA of alkenes. To ascertain if amines are generally incompatible with 
ruthenium and rhodium precursors, the addition of oxygen nucleophiles to alkenes were 
examined.   
2.2 Investigation of TM-catalysed addition of O-H to Alkenes. 
 
Different O-H substrates were adopted in this part of the study. The addition of 
carboxylic acids across carbon-carbon multiple bonds is known as hydrooxyacylation and 
the addition of alcohols and phenols to alkenes are referred to as hydroalkoxylation 
(Scheme 60).1  
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Scheme 60: Addition of carboxylic acids, phenols and alcohols to an alkene. 
 
Before this work, only three TM-catalysts were known for O-H additions to alkenes, 
including (Cp*RuCl2)2/AgOTf/dppb,161[Rh(COD)(OMe)]2162 and (Ph3P)AuOTf163 (Scheme 
61). Since then other catalysts have being reported, such as  carbene-ligated monomeric 
Cu(I) complex 133164, [((-)sparteine)PdCl2],165FeCl3/AgOTf166 and In(OTf)3167(Scheme 61).  
OH
O
R
toluene , 85 oC, 18h
      [Cp*RuCl2]n (1mol%)
AgOTf (6 mol%), dppb (2 mol%)
91% Yield
80 oC, 2h
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X
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Scheme 61: TM-catalysed intermolecular OH additions to olefins. 
 
Amongst these examples, the gold catalyst derived from AuCl3, PPh3 and 3 
equivalents of silver triflate demonstrated superior scope than other TM-catalysts.166 The 
scope encompasses intermolecular addition of substituted phenols, substituted benzoic 
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acids and isobutyric acid to cyclohexene, p-allylanisole, 1-heptene and norbornene. An 
intramolecular addition of an unsaturated alcohol was also demonstrated (Scheme 62).166  
 
OH
O
MeO
O
O
OMe
R' R O
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O
+ toluene, 85 oC, 15h > 95% Yield
2 mol% (Ph3P)AuOTf
+
up to > 95%n
OH
Ph Ph
O
Ph
Ph
O
Ph
Ph
+
89 %Yield, selectivity 15:1
n = 0 or 1
R OH
O
n
 
Scheme 62: Au-catalysed hydrooxyacylation and hydroalkoxylation reactions. 
 
At the time of the discovery of the Ru-catalysed addition of methyl carbamate to 
norbornene, a short communication reporting a very similar catalyst system came to our 
attention. Published in early 2004, the paper reports the use of [(Cp*RuCl2)n] complex, 
silver triflate and a phosphine ligand to promote the addition of benzoic acid derivatives to 
norbornene, giving the corresponding esters 133 in good to excellent yields (Scheme 63).161 
The catalyst failed to catalyse the addition of acetic acid to norbornene. 
OH
O
O
O
toluene , 85 oC, 18h
[Cp*RuCl2]n (1mol%)
AgOTf (6 mol%), dppb (2 mol%)
63 - 91% Yield
133R R
 
Scheme 63: Ru-catalysed addition of substituted benzoic acids to norbornene. 
 
In light of this publication, a small study utilising oxygen nucleophiles was initiated. 
It began with an exploration of the addition of p-methoxybenzoic acid to norbornene, which 
was adopted as a model reaction system (Scheme 64).  
OH O
O
1,4-dioxane , 85 oC, 18h
2.5 to 5.0 mol% Cat
MeO MeO
O
134a
 
Scheme 64: The reaction of p-methoxybenzoic acid with norbornene. 
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Concurrently, a number of metal salts and complexes were examined as potential 
catalysts and in some cases, silver additives were added to generate cationic complexes 
(Table 12). First of all, the reaction was conducted in the presence of 10 mol% of triflic 
acid (entry 1). This afforded a very low yield of the product ester 134a, suggesting that 
electrophilic activation of the alkene by the Brønsted acid is a fairly slow process. This 
result was similarly reproduced by Oe and Ito (29%)161 and more recently by Lu and Chen 
(16%).167 However, the reaction has recently been shown to be catalysed more efficiently 
by employing a lower catalytic loading of triflic acid (1 mol %), yielding the corresponding 
ester 134a in 83% yield.141 The disparity between the two results was attributed to the 
decomposition of product by higher catalyst loadings of triflic acid.141  
In all the cases examined, ruthenium and rhodium complexes failed to activate the 
alkene sufficiently to react with the benzoic acid and yielded no detectable products (entries 
2-17). Interestingly, other Lewis acidic metal salts such as silver, nickel and ytterbium 
triflate afforded some addition product 134a in low to modest yields (entries 19-21). 
Surprisingly, copper (II) trifluoromethanesulfonate was found to be the most efficient 
catalyst, giving the norbornyl ester in a high yield (entry 22). The product was characterised 
by a distinctive carbonyl stretch observed in the FT-IR spectrum at 1704 cm-1 and the 
corresponding molecular ion (M+ 246) was observed by EI-MS.   
 
Table 12: Screening of catalysts for the addition of p-methoxybenzoic acid to norbornene.a 
Entry Catalyst Ligand Additive 
(equivalents with 
respect to the catalysts) 
Yield 
/%b 
1 TfOH (10%) - - 29 
2 [(COD)RuCl2]n dppb AgOTf (2) NR 
3 [Cp*RuCl2]n dppb AgOTf (3) NR 
4 [RuCl2(PPh3)3] dppb AgOTf (2) NR 
5 [CpRuCl(PPh3)2] dppb AgOTf (1) NR 
6 [(COD)Ru(acac)]2  dppb - NR 
7 [(COD)RuCl2(NCCH3)2] dppb AgOTf (2) NR 
8 [(COD)RuCl(NCCH3)3][PF6] dppb AgOTf (1) NR 
9 [(COD)Ru(NCCH3)4][PF6]2 dppb - NR 
10 [(COD)RuBr2(NCCH3)2] dppb AgOTf (2) NR 
11 [(COD)Ru(methylally)2] dppb - NR 
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12 Rh2(OAc)4 dppb - NR 
13 [RhCl(COE)2]2 dppb AgOTf (2) NR 
14 [RhCl(COD)]2 dppb AgOTf (1) NR 
15 [Cp*RhCl2]2 dppb AgOTf (2) NR 
16 [RhCl(Nbd)]2 dppb AgOTf (1) NR 
17 [Rh(COD)2][OTf] dppb - NR 
18 Cu(OAc)2 - - NR 
19 AgOTf - - 9 
20 Ni(OTf)2 - - 5 
21 Yb(OTf)3 - - 45 
22 Cu(OTf)2 - - 89 
a Reaction conditions: 5 mol% metal complexes or 2.5 mol% metal salts, p-
methoxybenzoic acid (1 mmol), norbornene (1.5 mmol), 1,4-dioxane (1 mL), 85 oC, N2 
atmosphere, 18 h.  b Isolated yield after column chromatography.   
 
Our initial control reaction with a catalytic loading of triflic acid (10 mol%) 
equivalent to the amount of triflic acid that could potentially be generated from Cu(OTf)2 (5 
mol%), indicated that copper may be playing a significant role in the reaction mechanism. 
Consequently, the reactant scope of this catalyst was explored, and the results are presented 
in the following section.     
 
 
2.3 Copper-Catalysed Addition of Carboxylic Acids to Norbornene 
 
 
Having identified copper triflate as an active catalyst, the addition of a selection of 
para- substituted benzoic acids to norbornene was examined (Table 13). Employing 2.5 
mol% of the copper salt the additions proceeded smoothly to furnish the corresponding 2-
norbornyl esters 134a-d in good yields (entries 1-6). In contrast to the cationic ruthenium 
catalyst,161 the reactions appear to be insensitive to the electronic property of the aromatic 
ring. For example, the product yield for 134c (80%), bearing an electron-withdrawing, 
substituent closely matches that of 134e (77%), which is substituted with an electron-
donating methyl group. In addition, exclusion of air and moisture is unnecessary with this 
catalyst. The reaction can be performed in air with no significant change in product yield 
(entry 6). 
The yield observed for the addition of p-methoxy benzoic acid to norbornene (entry 
1, 95%) is comparable to that reported using [Cp*RuCl2] (90%)161, In(OTf)3 (85%)167 and 
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PPh3AuOTf (>95%)163, and greater for the addition of benzoic acid (entry 2, 95%) 
compared to 70 % achieved using [Cp*RuCl2]/AgOTf161 and 95% using FeCl3/AgOTf.166 
Similarly, the addition of aliphatic and cinnamic acids was also accomplished – giving the 
corresponding esters 135a-c in high yields (entries 7-9). This is especially noteworthy, as 
the ruthenium catalyst was ineffective for the addition of acetic acid to norbornene. 
Compared to Cu(OTf)2, the PPh3AuOTf catalyst has a wider scope with respect to 
reactivity for other olefins. However, the gold system is disadvantaged by the necessity for 
its preparation from AuCl3, PPh3 and AgOTf in situ, whereas the copper catalyst can be 
obtained directly from commercial sources.  
 
Table 13: Cu(OTf)2 catalysed addition of RCO2H to norbornene.a 
Entry RCO2H Product Yield/%b 
1 4-MeOC6H5CO2H 
O
HO
MeO
134a 
95 
2 PhCO2H 
O
HO  
134b 
95 
3 4-MeSO2C6H5CO2H
O
HO
MeO2S
 
134c 
80 
4 4-ClC6H5CO2H 
O
HO
Cl
 
134d 
90 
5 4-MeC6H5CO2H 
O
HO
Me
 
134e 
77 
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6 c 4-MeOC6H5CO2H 
O
HO
MeO
134a 
97 
7 CH3CO2H 
O
H
H3C
O  
135a 
85  
8 (CH3)3CCO2H 
O
HO  
135b 
88 
9 PhCH=CHCO2H 
O
HO
Ph
 
135c 
98 
aGeneral reaction conditions: Cu(OTf)2 (0.025 mmol), RCO2H (1.0 mmol), norbornene (1.5 
mmol), dioxane, 80 ºC, 18 h. bIsolated yield after column chromatography, duplicated to 
within ±5%. cReaction carried out in air. 
 
Compared with other equivalent processes, the esterification of cyclic-olefins with 
aliphatic acids was reported to be efficiently catalysed by 10 mol% sulfamic acid with 
excellent conversions at 140 oC (Scheme 65).168 It was also reported that acetic acid will 
react with norbornene in equimolar amounts at 120 oC to yield the norbornyl ester 135a in 
73 % conversion after 4 hours.168 In comparison, the norbornyl acetate 135a is obtained in a 
comparable yield using copper catalysis, at a considerably lower temperature and catalytic 
loading.         
OH
O O
O120 oC, 4h 100 % Conversion
135a
H2NSO3H
 
Scheme 65: Sulfamic acid catalysed addition of acetic acid to norbornene. 
 
 
Norbornyl esters are important classes of compounds, frequently employed in 
medicinal chemistry to enhance the biological potency of drugs. For example, substitution 
of the perhydroazepine ring of Balanol with a norbornyl bicyclic ring 136 yielded a 
compound which was shown to be selective and a very effective inhibitor of protein kinase-
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C isozymes (Figure 4).169 Many norbornyl esters are also important ingredients in the 
flavours and fragrances industries,170 especially norbornyl acetate 135a which is a common 
component of many essential oils (e.g. lavender and Aframomum Daniellii).171, 172  
HN
O
O
OH O
HO
CO2H
O
OH
136
HN
NH
O
O
OH
O
OH
OHO
OH
HO2C
(-)-Balanol
 
Figure 4: exo-norbornyl ester derivative used as an inhibitor of protein kinase-C isozymes. 
 
2.4 Copper-Catalysed Addition of Phenols and Alcohols to Norbornene 
 
As there appears to be no obvious correlation between the pKa of the substituted 
benzoic acids and product yields in the previous study, the addition of the less acidic O-H 
bonds (phenols and alcohols) to norbornene was examined (Table 14). Gratifyingly, the 
hydroalkoxylation reaction also proceeded smoothly to afford the corresponding product 
ethers in good yields. Again, the electronic and steric properties of the aromatic ring 
appears to exert very little influence on the reaction yield, as the phenolic addition 
proceeded smoothly to furnish aryl ethers 137a-c with excellent yields (entries 1-3). 
Furthermore, the product yield for 137b was comparable with the result reported for 
In(OTf)3 (92%).167 For the synthesis of product 137c, Cu(OTf)2 was less sensitive to 
substitution at the ortho-position (entry 3), compared with using In(OTf)3 (81%)167 which 
was lower yielding.  
The addition of benzyl and n-butanol afforded the desired alkyl ethers 138a and 
138b in high yields (entries 4 and 5). In these cases, the steric bulk at the α-position of the 
alcohol proves to be crucial as a dramatic decline in yield was observed with increasing 
branching at the α-carbon (entries 5-7). In comparison, addition of alcohols to norbornene 
were limited for the [Cp*RuCl2]/ PPh3/AgOTf catalyst, which was effective only for the 
addition of phenylethanol to norbornene (89%).173 Furthermore, no examples of this type of 
addition were reported with the PPh3AuOTf catalyst.163 
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Table 14: Cu(OTf)2 catalysed addition of ROH to norbornene.a  
Entry ROH Product Yield/%b 
1 4-ClC6H5OH 
O
H
Cl  
137a 
98 
2 PhOH 
O
H  
137b 
95  
3 2-MeOC6H5OH 
O
H
OMe
 
137c 
97 
4 PhCH2OH 
O
H  
138a 
98c 
5 n-BuOH 
O
H  
138b 
75c 
6 i-PrOH 
O
H  
138c 
25 
7 t-BuOH 
O
H  
138d 
0 
 aGeneral reaction conditions: Cu(OTf)2 (0.025 mmol), ROH (1.0 mmol), norbornene (1.0 
mmol), 1,4 dioxane, 80 ºC, 18 h. b Isolated yield based on alcohol after column 
chromatography, duplicated to within ±3%. c Obtained after distillation. 
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Akin to norbornyl esters, the norbornyl ethers have also been investigated 
frequently for their ability to enhance the biological potency of pharmaceutical 
ingredients,174 especially as phosphodiesterase type IV inhibitors.175-177 For example, the 
norbornyl ether 139 ( Figure 5) was developed as an inhibitor of calcium-independent 
phosphodiesterase, which are active sites for antidepressants.178   
O
OMe
HN
NMe
O
139
 
Figure 5: exo-norbornyl ether derivative developed as a phosphodiesterase type IV 
inhibitor. 
 
All norbornyl esters and ethers prepared in these studies were characterised by 1H 
and 13C NMR, FTIR and mass spectrometry. As a consequence of the norbornanes rigid 
geometry and the reliability of the Karplus rule, the dihedral angles of the norbornyl 
protons are sufficiently distinctive to allow the assignment of the relative configuration of 
2-substituted norbornanes (endo or exo) by 1H NMR. All isolated norbornyl derivatives 
exhibit a distinctive 1H NMR resonance downfield at 4.78 ppm as a broad doublet, 
corresponding to the methine proton (H-2endo) (Figure 6). In the case of the endo- isomer, a 
fairly sizeable vicinal coupling (ca. 3-4 Hz) would be observed between the H-1 proton and 
the H-2 proton. In comparison, coupling between H-1 and H-2endo is typically <1 Hz. With 
this in mind, we can be fairly confident in our configurational assignment, as this coupling 
was barely observable in the spectra of all the norbornyl esters and ethers during our study. 
In addition, a relatively large 4J (‘W’) coupling between the bridge proton (H-7) to H-2 is 
often observable in the exo- (but not in the endo-) isomer. In our spectra, the coupling 
between H-2endo and H-7 ( at 1.04 ppm) was found to be 7.0 Hz, which is in excellent 
accordance with reported values for 2-exo-norbornyl bromide.179  
RO
H H
H
H
H
H
H H
H H
H
4
7
3
2
1 6
5
 
Figure 6: exo-norbornylester/ether  
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All of the methine and methylene resonances are assigned unambiguously by 
dept135 and 1H-13C correlation experiments (HMQC). The spectrum for the norbornyl 
moiety of 134a is shown in Figure 7. The large multiplet at 1.0-1.5 ppm is due to six 
protons (by integration) and the quartet of doublets clearly visible at 1.75 ppm can be 
assigned to H-3endo with J 2.0 Hz coupling to H-7, J 7.0 Hz coupling to H-2endo and J 13 
geminal coupling to H-3exo. The doublet at ca. 2.39 ppm is from the bridgehead H-1 proton 
and the other bridgehead H-4 proton resonance was observed at ca. 1.61 ppm. These 
splitting patterns are characteristic of the resonance in monosubstituted exo derivatives.180 
Two broad triplets at ca. 2.25 and 2.17 ppm are due to the two bridgehead protons H-1 and 
H-4 of the minor endo-isomer and comprised 5% of the product mixture as determined by 
1H NMR integration (Figure 7). Hence, it was concluded that all these reactions proceed 
with ≥ 95% exo- selectivity, as determined by 1H NMR spectroscopy of product mixtures 
after column chromatography. 
 
Figure 7: 1H NMR spectrum of exo-2-substituted-norbornyl derivative.  
 
 
2.5 Copper-Catalysed Annulation of Phenols with 1,3-Dienes 
 
 
During the course of our investigation with Cu(OTf)2, the application of AgOTf for 
the sequential C-C and C-O bond forming reaction between phenols and dienes was 
reported by Eom and Youn, affording dihydrobenzopyrans 140 (Scheme 66).181 Both 
electron-rich and electron-deficient phenols successfully underwent this reaction with no 
H-1minor H-4minor 
H-1 H-7 
H-3endo 
H-4 
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correlation between their electronic property and product yield. Furthermore, both cyclic 
and acyclic 1,3-dienes were applied to afford a variety of dihydrobenzopyran ring systems 
in moderate to good yields.  
 
54-96% Yield
OH
+ DCE, r.t, 1-3 days
AgOTf
5 mol%
R
R
140
O
 
Scheme 66: Ag-catalysed annulation of phenols with isoprene.  
 
For the AgOTf catalysed process, a mechanism was proposed which evokes the 
activation of the diene by coordination to Ag(I). Following π-activation II, an electrophilic 
substitution of the phenol ring with the 1,3-dienes results in a  Ag-C bond III which is 
subsequently protonated to give a 2-allylphenol intermediate IV. Recoordination of C-C π-
bond by Ag(I) activates the olefin toward intramolecular nucleophilic attack by the 
phenolic oxygen V, followed by proton transfer to afford 140 and regenerates the catalyst I 
(Scheme 67).181 The postulated mechanism for the AuCl3/AgOTf-catalysed annulation is 
analogous to the AgOTf –catalysed reaction. With no experimental data to substantiate 
these mechanisms, it is plausible that triflic acid is being generated and is therefore the 
actual catalyst.   
Ag
OH
Ag
OH
Ag
O
H
Ag
O
AgOTf
H+
I
II
III
IV
V
140
 
Scheme 67: Postulated mechanism for Ag-catalysed annulation reaction of phenols with 
1,3-dienes. 
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Similarly, a gold-catalysed annulation protocol for addition of phenols and 
naphthols with 1,3-cyclohexadiene was also reported. Using a combination of 
AuCl3/AgOTf as catalyst, the annulation reaction generated various benzofuran derivatives 
141 under mild conditions (Scheme 68).182 The presence of electron-donating groups on the 
aromatic ring was observed to promote the reaction, whereas lower product yields were 
observed when an electron-withdrawing group was present. In this study, AgOTf was 
screened, but afforded no detectable product, which is contradictory to the results published 
by Eom and Youn.181  Interestingly, Eom and Youn screened other TM-Lewis acids and 
found that Cu(OTf)2 was an ineffective catalyst for these transformations.  
49-80% Yield
OH
+ DCE, 40 oC, 16h
  AuCl3/AgOTf  
5 mol%/15 mol%R R
O
141  
Scheme 68: Gold-catalysed annulation of phenols with 1,3-dienes.  
 
In an attempt to expand the scope of Cu(OTf)2 for O-H additions to alkenes other 
than norbornene, we subsequently examined the addition of p-methoxyphenol to isoprene 
to confirm the result reported by Eom and Youn  (Scheme 69). Surprisingly, 5 mol% of 
Cu(OTf)2  was able to catalyse the annulation between of p-methoxyphenol and isoprene 
with conversion of 100%, as determined by NMR of the crude reaction mixture. A control 
reaction using triflic acid was not reported in the study conducted by Eom and Youn or Li 
et al.  Consequently, 5 mol% of triflic acid was employed under the same conditions, and 
this was sufficient to produce 142 with 100%, conversion (determined by 1H NMR). Based 
on these findings, demonstrating that Cu(OTf)2 offered no practical advantage over triflic 
acid, further investigations of Cu(OTf)2 as catalyst for addition of O-H to 1,3-dienes were 
abandoned at this stage.  
 
5 mol% Cu(OTf)2 = 100% conv
1 mol% HOTf = 100% conv
OH
MeO O
MeO
+ DCE, r.t, 24h
Cu(OTf)2
5 mol%
142
 
Scheme 69: Copper-catalysed annulation of p-methoxyphenol with isoprene.  
 
Finally, a variety of other olefin classes, for the addition of phenols and benzoic 
acids were examined (Figure 8). Limonene was chosen as an olefin substrate to assess for 
any chemoselectivity between the cyclic and acyclic carbon-carbon double bonds. Styrene 
and 1,3-hexadiene are conjugated olefins and cyclohex-1-enone is a Michael acceptor and 
thus considered as electronically activated. Finally, 1,5-cyclooctadiene was included as an 
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example of an unactivated olefin. Benzoic acid and phenol were used as the oxygen 
nucleophiles. 
 
O
Limonene  
Figure 8: Olefins tested in the Cu(OTf)2 catalysed hydrooxyacylation reaction. 
 
 
Disappointingly, no hydrooxyacylation or hydroalkoxylation products were 
observed under the previously described conditions. The ring strain of norbornene therefore 
appears to be an important factor in these Cu-catalysed additions. 
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2.6 Copper-Catalysed Intramolecular O-H Additions to Alkenes. 
 
 
There are several examples of TM-catalysed intramolecular O-H additions to olefins 
reported in the literature. Catalysts include: FeCl3/AgOTf,183 ZrCl4,184 AgOTf,185 
(Ph3P)AuOTf,163 SnOTf4,186 (Cp*RuCl2)2/AgOTf/dppb,173, 187, 188 IrCl3/AgOTf,189 and 
[PtCl2(H2C=CH2)]2190 (Table 15).  
Table 15: TM-catalysed intramolecular OH addition to olefins. 
Reactant Catalyst Product 
OH
R
 
 
ZrCl41eq
DCE, r.t, 12 - 20h
60 - 80 %Yield
R = 4-COMe, 2-COEt, 4-CONHBn
       2-CO2H, 2-CO2Me, 4-COPh
O
R
  
toluene , 85 oC, 18h
          [Cp*RuCl2]n (1mol%) 
AgOTf (6 mol%) , dppb (2 mol%)
R = H: 95% Yield  
OH
Ph
Ph  
 
 
 [PtCl2(H2C=CH2)]2 (2.5 mol%),
  P(4-C6H4CF3)3 (5 mol%),
DCE, 70 oC, 24h 78 %Yield  
O
Ph
Ph  
 
 
 FeCl3 (10 mol%), 
 AgOTf (30 mol%)
DCE, 80 oC, 0.5 h 97 %Yield  
X
OHR1
R2
R3
X = CO or CH2  
5 mol% AgOTf
DCE, 83 oC, 36h
 
X
R1
O
R2
X = CO: 33-55% Yield
X = CH2: 74-96% Yield
R3
 
OH
Ph Ph  Toluene, 85 
oC, 16h
5 mol% (Ph3P)AuOTf
 O
Ph
Ph
O
Ph
Ph
+
89 %Yield, selectivity 15:1
OH  
5 mol% Sn(OTf)4
CH3NO2, 101 oC, 5h  
R
O
88 %Yield  
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Cyclisation of unsaturated alcohols and carboxylic acids to corresponding cyclic 
ethers and lactones has been reported to be efficiently catalysed by triflic acid, giving 
excellent to quantitative yields in all reported cases (Scheme 70).191, 192 
OH
R
R
O OR
 5 mol% TfOH
CH3NO2, reflux, 1-2h
Quantitative, selectivity 92:8
O
Quantitative
O
OH
O
 
Scheme 70: Triflic acid-catalysed intramolecular OH additions to olefins. 
 
Copper triflate catalysed intramolecular hydroalkoxylation was investigated using 
the substrate 2-allylphenol 143 (Scheme 71). Two reactions were conducted: the first using 
20 mol% triflic acid and the other employing 10 mol% copper (II) triflate. Triflic acid 
afforded the product ether 144 in 100% conversion (as confirmed by absence of olefinic 
protons, which resonate at 6.01 ppm). The conversion of 143 to the corresponding 
dihydrobenzofuran 144 was catalysed by copper(II)triflate under the same conditions with 
88% conversion (as determined by  integration of the 1H NMR spectrum). In both cases, the 
formation of the benzofused-tetrahydropyran (chroman) 145 was not observed and 
complete selectivity for 144 was demonstrated. The product was obtained as transparent oil 
upon distillation and fully characterised by 1H and 13C NMR, FT-IR spectroscopy and mass 
spectrometry. 
OH O O
cat
100 oC, 1, 4-dioxane, 18h
144
143
+
145
TfOH (20 mol%): 100% conversion
Cu(OTf)2 (10 mol%): 88% conversion
Not observed
 
Scheme 71: Intramolecular hydroalkoxylation of 2-allylphenol. 
 
The application of copper triflate to the intramolecular hydrooxyacylation reactions 
was subsequently investigated (Scheme 72). Using commercially available 4-pentenoic acid 
146, the corresponding lactone 147 was formed in the presence of copper triflate at 100 oC 
over 18 hours in dioxane, with 100 % conversion. However, the reaction was also catalysed 
by 10 mol% of triflic acid under the same conditions, giving quantitative conversion. The 
cyclisation obeys Baldwin’s rules193 by favouring a 5-exo-trig product lactone 147 over the 
6-membered ring lactone 148. The product was obtained as transparent oil upon distillation 
79 
 
and characterised by 1H and 13C NMR, FT-IR and mass spectrometry. The methyl group 
gives rise to a doublet resonance at 1.37 ppm in the 1H NMR spectrum, while the CH2 α to 
the carbonyl group resonates at 29.6 ppm in the 13C NMR. A distinctive carbonyl stretch 
was also observed by FT-IR absorbing at 1773 cm-1.   
OH
O O O O O
cat
DCE, 90 oC, 24h
147
Not Observed
148
Cu(OTf)2: 71% Yield
HOTf: 84% Yield
146
 
Scheme 72: Intramolecular hydrooxyacylation of 4-pentenoic acid.  
 
Unfortunately, copper (II) triflate did not demonstrate superior activity or 
contrasting selectivity to triflic acid in these reactions. At this stage, it is unclear whether 
these cyclisations in the presence of the metal catalyst are mediated by copper triflate or 
triflic acid. The Cu-catalysed intramolecular hydrooxyacylation reaction was investigated 
further as part of a final year MSci project by another member of our research group. The 
catalyst was applied to the cyclisation of a variety of unsaturated carboxylic acids, to 
examine whether there are observable regio or diastereo-selectivity differences compared to 
triflic acid (Scheme 73).194 Under the optimal conditions, 3-phenyl-4-pentenoic acid 149 
was converted to a mixture of diastereomers 150a, and 150b and the syn:anti ratio was 
found to be 1.7 : 1 (determined by 1H NMR of the crude reaction mixture). A very similar 
distribution of products was observed for the AgOTf catalyst reported by He and co-
workers (1.7 : 1)185 whereas the control reaction with triflic acid gave a slightly different 
ratio (1.2 : 1). These ambiguous results curtailed further efforts in developing the Cu-
catalysed intramolecular addition of O-H to alkenes. 
OH
Ph O
O O
Ph
O O
PhCu(OTf)2 (2 mol%)
rac-BINAP (2 mol%)
DCE, reflux, 18h
149 150a 150b
                   150a : 150b
Cu(OTf)2/      1.7 :   1.0
rac-BINAP
TfOH             1.2 :   1.0
AgOTf           1.7 :   1.0  
Scheme 73: Cu-catalysed intramolecular hydroacyloxylation of 3-phenyl-4-pentenoic acid 
180. 
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2.7 Catalytic Cycle 
 
 
Curiously, other Lewis acids such as silver, nickel and ytterbium triflate salts 
proved to be less active catalysts than Cu(OTf)2 for O-H additions to norbornene (Table 
12). The superior performance of Cu(OTf)2 over the other metal triflates may be explained 
by their ionisation constants and ability to generate triflic acid. Spencer et al. noted that the 
addition of benzyl carbamate to an enone can be successfully catalysed by cations with 
p*K1 <7.3.40 Although p*K1 values are only meaningful in aqueous solutions, they appear 
to be applicable in this context and indicate a threshold value where metal triflates will 
cease to function. For example, Cu(OTf)2 and In(OTf)3167 have p*K1 values of 7.340 and 
4.040 respectively, and performed better than Yb(OTf)3 which has a p*K1 of 7.7.40 The 
anions of Ni(OTf)2 and AgOTf may also be strongly coordinating, but without any reported 
p*K1 values it is not possible to link this property to their catalytic performance. 
Alternatively, the capacity of the respective TM’s to form favourable metal-π complexes 
with the alkene could also account for the differences in activity. 
Following our publication in this area, Hartwig et al., demonstrated that the addition 
of p-methoxybenzoic acid and phenol to norbornene could be efficiently catalysed by 1 
mol% of triflic acid, whilst higher catalytic loadings decompose the product, resulting in 
lower isolated yields.141 The evidence for Cu(OTf)2 serving as a precatalyst for the 
formation of a protic acid catalyst is compounded by investigations of the Cu-catalysed 
intramolecular hydrooxyacylation reaction (Scheme 73). 3-Phenyl-4-pentenoic acid 149 
was cyclised to the corresponding lactone 150a and 150b with a similar ratio of 
diastereomers as the triflic acid-catalysed reaction, which in addition to the comparable 
yields, implies that triflic acid could be involved in these reactions.  
For TM salts with weakly coordinating anions, the generation of Brønsted acids 
through cation hydrolysis in aqueous solution is well documented,195-197 establishing an 
equilibria between Cu(OTf)2 and Cu(OH)2 I is established first (Scheme 74). The triflic 
acid II that is generated can activate the alkene towards nucleophilic addition of the oxygen 
nucleophile and the triflate anion is envisaged to stabilise the cationic intermediate III 
through ion pairing. Subsequent addition of the nucleophile to III liberates the 
corresponding addition product IV and regenerates triflic acid II. 
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-Cu(OH2)2
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2Cu(OTf)2
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O Ar
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Scheme 74: Proposed catalytic cycle for Cu-catalysed addition of carboxylic acids to 
norbornene. 
 
2.8 Conclusions and Future Work 
 
In summary, ruthenium and rhodium complexes were screened as catalysts for the 
HA reaction. Unfortunately, many failed to induce any product formation, which was 
attributed to catalyst poisoning by the amine substrate. The addition of methylcarbamate to 
norbornene was achieved using a three component system consisting of [Cp*RuCl2]n, 
AgOTf and diphosphine ligand. The nature of the phosphine ligand seems to exert some 
influence on the reaction outcome and this may be examined in future work.    
Copper (II) triflate has been developed successfully for intermolecular additions of a 
variety of oxygen nucleophiles to norbornene. In addition, this catalyst may also effect the 
cyclisation of unsaturated alcohols and carboxylic acids in good to excellent yields. 
Cu(OTf)2 may serve as a precatalyst for the formation of triflic acid, which ultimately is the 
active catalyst in this process. Nevertheless, Cu(OTf)2 is safer and more convenient to 
handle than triflic acid, and all these reactions were performed in air, using unpurified 
reagent-grade solvent. To ascertain whether Cu(OTf)2 is limited to addition of oxygen 
substrates to alkenes, N-H reactants were examined in the next part of this work.      
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3. Copper-Catalysed N-H Additions to Alkenes  
 
3.1 Investigation of Copper-Catalysed N-H Additions to Norbornene  
 
In this chapter, the quest to develop a HA catalyst is described. Previously, 
Cu(OTf)2 has been found to be a good catalyst for the addition of carboxylic acids, phenols 
and alcohols to norbornene. Subsequently, an investigation of N-H additions to norbornene 
was carried out.  
 
Employing the same catalytic conditions developed for O-H additions to 
norbornene, the reaction between aniline and morpholine to norbornene was examined 
(Scheme 75). Initially, no reaction was observed at room temperature nor at elevated 
temperatures (up to 100 oC): the reactants remained unconsumed as determined by TLC and 
the 1H NMR spectrum of the reaction mixture displayed the unreacted double bond of 
norbornene resonating at 5.98 ppm.  
R
H
N
R1
R = Ph, R1 = H
R, R1 = morpholine
N
R
R1
 Cu(OTf)2
 (5 mol%)
dioxane, rt to 100 oC, 18h 151
0% Yield  
Scheme 75: Cu-catalysed addition of amines to norbornene. 
 
An instant colour change was observed upon addition of the amine to a solution of 
Cu(OTf)2 (light blue to a deep brown), which may indicate the formation of an amine-
copper complex. From this observation, it is speculated that catalyst activity may be 
inhibited by irreversible amine binding and/or formation of a catalytically inactive 
complex. Around this time, Tilley, Bell and Karshtedt  reported the application of cationic 
Pt-catalysts for the addition of sulfonamides and weakly basic amines to norbornene, to 
afford norbornyl derivatives 152 and 153 in excellent yields  (Scheme 76).124 Interestingly, 
an empirical pKa cut-off (conjugate acid pKa < 1) for the participation of nitrogen-
containing substrates was established. The authors speculated that more basic amines may 
bind too strongly to the Pt centre, thus preventing the olefin substrate from undergoing 
competitive activation via coordination. 
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NH2
F
F
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H
N
F
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F
F
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 (COD)Pt(OTf)2
      10 mol% Quant
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Tol
S
NH2
O O
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N (COD)Pt(OTf)2
     10 mol%
o-dichlorobenzene, 80 oC, 2-12h
Yield > 95%
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S
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Scheme 76: Pt-catalysed addition of an aromatic amine and toluenesulfonamide to 
norbornene. 
In light of this publication, the addition of weak nitrogen nucleophiles such as 
amides, carbamates and sulfonamides were examined (Table 16). The copper-catalysed 
hydroamidation of norbornene with benzamide was unsuccessful (entry1). In contrast, the 
addition of three sulfonamides proceeded smoothly in the presence of 10 mol% copper 
triflate to afford the corresponding addition products 154b-e in good to excellent yields 
(entries 2-5). The addition of methylcarbamate to norbornene was more efficiently 
catalysed by Cu(OTf)2 (entry 3, 78% yield) than the 3-component system consisting of 
Cp*RuCl2, AgOTf and dppb discussed in the previous chapter (54% yield).  The addition of 
toluenesulfonamide exceeds that achieved by InBr3 (67% yield)198, PPh3AuOTf (89% 
yield)138, and triflic acid (91% yield),141 and comparable to (COD)Pt(OTf)2 catalyst (95% 
yield).124 The introduction of a N-benzyl group to the toluenesulfonamide lowered the yield 
of the addition product 154d substantially (entry 4). Exchanging the p-methyl group for the 
electron-withdrawing p-nitro substituent was also found to decrease the yield of the 
addition product 154e (entry 5).  
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Table 16: Cu(OTf)2 catalysed addition of RNHR1 to norbornene.a 
Entry RNHR1 Product Yield/%b 
1 PhCONH2 
H
N
HO  
154a 
NR 
2 MeOCONH2 
H
N
H
MeO
O  
154b 
78 
3 4-MeC6H5SO2NH2 
H
N
H
S
O O  
154c 
95 
4 4-MeC6H5SO2NHBn 
N
H
S
O O
Bn
 
154d 
77 
5 4-NO2C6H5SO2NH2 
H
N
H
S
O O
O2N
 
154e 
83 
aGeneral reaction conditions: Cu(OTf)2 (0.025 mmol), nitrogen nucleophile (1.0 mmol), 
norbornene (1.5 mmol), 1,4-dioxane, 85 ºC, 18 h. bIsolated yield after column 
chromatography, duplicated to within ± 3%.  
 
The norbornyl sulfonamide products were fully characterised by 1H, 13C NMR, 
FTIR and mass spectrometry. As before, the norbornyl sulfonamides and carbamates 
proceeded with ≥ 95% exo-selectivity. For all compounds, a 1H NMR resonance at 3.22 
ppm, corresponding to an endo-H next to nitrogen was observed. The coupling for this 
proton was identical to that recorded for the norbornyl esters and ethers. The methine 
carbon neighbouring the nitrogen atom is shifted downfield, resonating at 56.9 ppm in the 
13C NMR spectrum. Mass spectrometry confirmed the molecular identity of the norbornyl 
sulfonamides. 
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Norbornyl sulfonamides are commonly prepared by base-(e.g., Et3N) mediated 
substitution reactions between amines and sulfonylchlorides. In comparison, the Cu-
catalysed hydroamidation reaction is 100% atom economical and tolerant of base sensitive 
functional groups. Compounds containing the norbornyl sulfonamide motif (Figure 9), have 
been found to exhibit extremely potent antagonism of the prostaglandin D2 receptor, which 
is considered to be an important mediator in various allergic diseases such as allergic 
rhinitis, atopic asthma, allergic conjunctivitis, and atopic dermatitis.199, 200 
NH
CO2H
S
R
O
O
 
Figure 9: Norbornyl sulfonamide developed as a prostaglandin D2 receptor antagonist. 
 
3.2 Investigation of Copper-Catalysed N-H Additions to 1,3-Dienes 
 
 
The regioselective addition of arylsulfonamides to norbornene was efficiently 
catalysed by Cu(OTf)2 in air and at comparative temperatures to other catalysts. 
Encouraged by these results, we proceeded to investigate the reaction scope towards other 
olefins. 1,3-Dienes are more active than simple alkenes owing to conjugation, thus the 
addition of  toluenesulfonamide to some commercially available acyclic 1,3-dienes, 
including isoprene, 1,3- and 2,4-hexadiene, was examined (Scheme 77). Isoprene is quite 
volatile (bp. 34 oC) and the reaction was consequently carried out at room temperature. 
After 18 hours the reaction mixture was analysed and no addition product 155 was 
observed. Even though TLC analysis indicated consumption of isoprene, only unreacted 
toluenesulfonamide was recovered from the reaction mixture. Since isoprene is known to 
polymerise under Lewis-acidic conditions,201-204 it was concluded that the polymerisation is 
a competitive process in this case. In contrast, 1,3- and 2,4-hexadiene both afforded 
compounds 156a and 156b in modest yields as  1:1 mixtures. The formation of equivalent 
ratios of these isomers from 1,3 and 2,4-hexadiene suggests a mechanism proceeding via 
formation of an allylic carbocation in which the electrons are delocalised. From the four 
possible canonical forms, only two react with the nitrogen nucleophile to provide products 
156a and 156b. The other resonance form of carbocation I is the high-energy primary 
carbocation II, which is less stable than the secondary carbocation intermediates III and 
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IV. Unfortunately, structural isomers 156a and 156b were inseparable by chromatography 
and the addition products were not fully characterised. Identification of 156a and 156b was 
established by 1H NMR, which displayed four olefinic methine resonances. Two of these 
olefinic protons resonate at 3.85 and 3.60 ppm, corresponding to isomers 156a and 156b 
respectively, in accordance with reported literature values.205 Integration of the olefinic 
protons was used to determine the ratio of isomers 156a and 156b by 1H NMR integration. 
Finally, two distinctive doublets resulting from the tosyl group were observed in the 
aromatic region and confirming the addition of toluene sulfonamide to these dienes.           
Ts NH2 R1
R2
Ts NH2
R1 = H, R2 = Et
R1 = Me, R2 = Me
 Cu(OTf)2
 (5 mol%)
dioxane, 55 oC, 18h
N
H
Ts
NH NH
Ts Ts
 Cu(OTf)2
 (5 mol%)
dioxane, rt, 18h
0% Yield
       36-42% Yield 
1:1 mixture of 156a:156b
155
156a 156b
1,3-Hexadiene
1,3-Hexadiene
2,4-Hexadiene
I II
III IV
IV IV
156a 
 and 
156bIII
156a 
 and 
156b
 
Scheme 77: Cu-catalysed addition of toluenesulfonamide to acyclic 1,3-dienes. 
 
Subsequently, Shibasaki et al. reported the bismuth-catalysed addition of 
arylsulfonamides to 1,3-cyclohexadienes, giving the addition products 157 in good yields 
(Scheme 78).206 The bismuth system consisted of Bi(OTf)3, [Cu(NCCH3)4][PF6] and a 
diphosphine ligand dppe. The catalyst system was evidently very reactive, for these 
reactions were conducted at room temperature and were complete in relatively short 
reaction times.  
H2N S
R
O
O
H
N
S
O
O R
Bi(OTf)3 (10 mol%)
[Cu(NCCH3)4][PF6] (10 mol%)
dppe  (4 mol%)
dioxane, 25 oC, 3-5h
73-84% Yield
157
 
Scheme 78: Bismuth/copper-catalysed addition of sulfonamides to 1,3-cyclohexadiene. 
 
88 
 
Employing 10 mol% of Cu(OTf)2 the addition of toluenesulfonamide to 1,3-
cyclohexadiene was examined at 50 oC (Scheme 78). Disappointingly, only 3% yield of the 
addition product 158 was obtained, with full recovery of unreacted starting materials. We 
speculated that a diphosphine ligated copper (II) triflate complex might be the active 
catalytic species in the Shibasaki system. To test our hypothesis, a 1  : 1.1 mixture of 
Cu(OTf)2 and dppe was stirred in dioxane at 50 oC for 15 minutes, before the reactants were 
added. During the attempted in situ generation of a diphosphine ligated copper (II) species, 
some interesting colour changes were noted. Within ~10 seconds of stirring, the light blue 
solution rapidly becomes deep green before quickly turning transparent; this implies the 
generation of a copper (I)-complex which exhibits no colour as a result of a fully occupied 
set of d-orbitals. Even more gratifyingly, the introduction of dppe induced significant 
catalytic activity, furnishing 158 in excellent yield. For this reaction, Cu(OTf)2/dppe 
outperformed both triflic acid (63% yield)141 and the Bi(OTf)3/[Cu(NCCH3)4[PF6]/dppe 
system (84% yield).206 The 1H NMR spectrum of the allylic sulfonamide showed a CH 
methine resonance at 3.82 ppm and two olefinic resonances at 5.78 ppm and 5.37 ppm. The 
recorded melting point (99-101 oC) of the product also correlated well with the literature 
value (101-102 oC).207 
S
NH2
O O
HN
S
O O
dioxane,
55 oC, 18h
Cat
5mol% Cu(OTf)2: 3% 
5 mol% Cu(OTf)2, 5.5 mol% dppe: 93%Ph2P PPh2
Cu
TfO OTf
158
159  
Scheme 78: Copper-catalysed addition of toluenesulfonamide to 1,3-cyclohexadiene. 
 
The addition of methyl carbamate to 1,3-cyclohexadiene was next carried out in the 
presence of Cu(OTf)2 and a variety of ligands. The results are summarised in table 17. As 
expected, no addition products were isolated in the absence of a phosphine ligand and 
methyl carbamate was fully recovered after evaporation of the solvent (entry 1). Ligands 
containing nitrogen or oxygen donor atoms were screened for reactivity, but failed to 
induce any product formation (entries 2 and 3). A combination of Cu(OTf)2 and two 
equivalents of monodentate triphenylphoshine was also ineffective (entry 4). Amongst the 
diphosphine ligands investigated, those with wider bite angles (91 to 110o) tend to give the 
worst performance (entries 5-10). The bite angles given in the table below are calculated 
from averages of crystal structures of metal complexes, which are available in the 
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Cambridge Crystallographic Database. A comparison of the alkyl diphosphines dppe, dppp 
and dppb suggest that larger bite angles are responsible for lower catalytic turnovers 
(entries 8-10). However, BINAP is more π-acidic and gave the best result despite having a 
similar bite angle to dppp (entry 5). The interplay between the electronic property and bite 
angle of the diphosphine ligand is also apparent from the result obtained with DPEphos 
(entry 6). Although it has the largest bite angle, it was able to catalyse the addition in low 
yield, unlike dppb, which gave no addition product 160 (entry 8). Finally, excellent yields 
could be achieved with ligand dppe by simply increasing the reaction temperature to 85 oC 
(entry 11).   
 
Table 17: Ligand screening for the Cu-catalysed addition of methylcarbamate to 1,3-
cyclohexadiene.a 
O NH2
O
N
H
O
O5 mol% Cu(OTf)2
5.5 mol% L
dioxane, 55 oC 18h
160  
Entry Bite Angle/° 
(calculated)b 
Ligand (L) Yield/%c 
1 N/A - NR 
2 N/A 
N
NH HN
N
O O
(S,S) Dach-Pyridyl  
NR 
3 N/A 
N N
Salen
OH HO
 
NR 
4 N/A PPh3 NRd 
5 92 (3) 
PPh2
PPh2
rac-BINAP  
44 
90 
 
6 102 
DPEphos
O
PPh2PPh2
 
26 
7 96 (2) Fe
PPh2
PPh2
dppf  
10 
8 98 (5) Ph2P(CH)4PPh2 (dppb) NR 
9 91 (2) Ph2P(CH)3PPh2 (dppp) 17 
10 85 (3) Ph2P(CH)2PPh2 (dppe) 34 
11 85 (3) Ph2P(CH)2PPh2 (dppe) 88e 
a Reaction conditions: 5 mol% Cu(OTf)2, 5.5 mol% ligand, methylcarbamate (1.0 mmol), 
1,3-cyclohexadiene (2.0 mmol), dioxane (2 mL), 18 h. b Average ligand bite angles 
complied from crystal structures and taken from ref 208. Values in parenthesis corresponds 
to standard deviations. c Isolated yield after recrystallisation. d 10 mol% ligand. e reaction 
conducted at 85 oC 
 
Using dppe as ligand with Cu(OTf)2, the addition of benzylcarbamate to 1,3-
cyclohexadiene was examined (Scheme 79). Unlike the reaction with methylcarbamate, the 
addition only proceeded in modest yield and increasing the temperature led to a 
deterioration in the yield. The decrease in product yield was attributed to competitive 
polymerisation of cyclohexadiene, which was accelerated by the increase in temperature.    
O NH2
O
N
H
O
O
5 mol% Cu(OTf)2
5.5 mol% dppe
T = 55 oC = 52% Yield
T = 75 oC = 35% Yield
dioxane, 18h, T 161
 
Scheme 79: Cu-catalysed addition of benzylcarbamate to 1,3-cyclohexadiene. 
 
The effect of larger ring sizes was investigated by examining the addition of 
toluenesulfonamide to 1,3-cyclooctadiene (Scheme 80). In comparison, 1,3-cyclooctadiene 
was significantly less reactive than 1,3-cyclohexadiene, requiring elevated temperatures to 
furnish the corresponding addition product 162 only in 5% yield.    
Ts NH2
NHTs 90 oC: 5% Yield
5 mol% Cu(OTf)2
5.5 mol% dppe
 dioxane, 55 or 90 oC, 18h
162  
Scheme 80: Cu-catalysed addition of toluenesulfonamide to 1,3-cyclooctadiene. 
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In the following section, an optimisation study for the Cu-catalysed addition of 
benzylcarbamate to acyclic 1,3-dienes is presented. 
 
3.3 Optimisation Study for the Copper-Catalysed Hydroamidation of 1,3-
Dienes.  
 
Acyclic alkyl 1,3-dienes examined thus far had either failed to react or produced a 
mixture of isomers. To examine the influence of an aryl group on reactivity and selectivity, 
the Cu-catalysed hydroamidation of phenyl-1,3-butadiene was investigated. The diene was 
synthesised according to a literature procedure. 209 Wittig reaction between trans-
cinnamaldehyde and methyltriphenylphosphine iodide  in the presence of ButOK yielded 
the 1,3-diene as a transparent oil (Scheme 81).   
O Me PPh3 I
KOBut
THF, 0 oC-reflux, 18h
86% Yield
163
 
Scheme 81: Synthesis of phenyl-(E)-1,3-butadiene.  
 
Under the same catalytic conditions optimised for the addition of benzylcarbamate 
to 1,3-cyclohexadiene, the hydroamidation of phenyl-1,3-butadiene furnished the 
corresponding addition product in modest yield (Scheme 82). The addition occurred 
exclusively at the terminal double bond with complete regioselectivity, furnishing the 
branched product 164. 
BnO NH2
O
N
H
BnO
O
Ph
5 mol% Cu(OTf)2
5.5 mol% dppe
42% Yield
dioxane, 55oC, 18h
Ph
164
 
Scheme 82: Cu-catalysed addition of benzylcarbamate to phenyl-1,3-butadiene.   
 
Motivated by this preliminary result, an optimisation study was carried out to 
improve the product yield. During a 3-month industrial placement at GSK in Tonbridge, a 
modern approach was applied to this part of the study. Many pharmaceutical companies are 
increasingly turning to high throughput, laboratory automation and chemometrics 
technologies to improve the development process. These technologies offer a faster and 
more efficient method for optimising organic reactions.     
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Firstly, an isocratic HPLC method was developed to quantify the product yield. The 
reactants and the product were analysed individually to establish their respective retention 
times. A representative chromatogram of a reaction mixture is shown in the figure below 
(Figure 10). The carbamate elutes at ~3.00 min, the diene elutes at ~5.79 min and the 
addition product elutes at ~5.80 min, all the components are well resolved. An external 
standard with a known concentration was prepared from a pure sample of 164 and used for 
quantification of the reaction mixtures by comparison of the chromatographic peak areas.  
 
 
Figure 10: HPLC-chromatogram of reaction mixture: Phenomenex-Luna C-18 (3µm) 50 
mm x 2.0 mm, 95% (70:30) CH3CN:H2O and 5% H2O (0.05% TFA v/v), 1.0 mLmin-1, λ = 
254 nm.   
 
3.3.1 Principle Component Analysis  
 
The principle component analysis (PCA) software was designed by cheminformatic 
scientists at GSK. It is a powerful multivariate data analysis method designed to identify 
patterns in data (e.g., solvent properties), by summarising large datasets, removing any 
redundancy in the data and reduce the number of dimensions, without loss of information. 
The programme clusters multiple properties of many reaction solvents (e.g., dielectric 
constant, mpt, logP etc) into a series of vector positions, and plots them in a 
multidimensional space (Figure 11). A discussion of how a PCA model is constructed is 
beyond the scope of this thesis, however, the interested reader is referred to articles written 
by Smith210 and Shlens.211 Solvents that are expected to behave similarly are close in space 
Ph
HN
O
O PhPh
Ph O NH2
O
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(e.g. DMF and NMP), whereas solvents that are expected to behave entirely differently are 
diametrically opposed (e.g. cis-decaline and water).  
 
 
Figure 11: Graph of the PCA solvent-model. 
 
Initially, our intention was to use the PCA model to assist in choosing better 
solvents to investigate. Taking the Cu(OTf)2/dppe system, a range of solvents was initially 
selected to cover the PCA space as fully as possible to ensure that a chemically diverse 
range was evaluated in our screening study (Table 18). The selection process was also 
refined by only including solvents that are able to form homogeneous solutions with all the 
components involved. Both methyl isobutylketone and 1-methyl-2-pyrrolidinone gave very 
low yields and almost completely suppressed product formation (entries 1 and 2). The 
solvent study revealed that ethyl acetate was the best of all the solvents tested. The 3 best 
solvents including 1,4-dioxane, ethyl and isopropyl acetate are located within close 
5 
7 
12 
11 
8 
9 
10 
6 
2 
1 
4 
3 
1: Water 
2: Acetonitrile 
3: THF 
4: Ethylacetate 
5: Isopropylacetate 
6: tert-Butyl methylether 
7: 1,4-Dioxane 
8: DMF 
9: NMP 
10: 1,2-Dicholorethane 
11: Anisole 
12: cis-Decaline 
13: Methyl isobutylketone  
13 
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proximity of each other in the PCA model. However, methyl isobutyl ketone, which 
performed less well, is also in close proximity to the 3 best solvents while 1,2- -
dichloroethane, which performed comparably to 1,4-dioxane is located in another region of 
the graph. Unfortunately, the best and worst solvents do not cluster together in the graph to 
permit the use of the PCA in aiding the selection process, but ethyl acetate was identified as 
the best solvent for this system.  
Table 18: Solvent study.a 
Entry Solvent Yield/%b 
1 Methyl isobutyl ketone 2 
2 1-Methyl-2-pyrrolidinone 2 
3 Acetonitrile 11 
4 Methyl tert-butylether 11 
5 Ethyl acetoacetate 12 
6 Anisole 24 
7 THF 27 
8 1,2-Dichloroethane 43 
9 1,4-Dioxane 45 
10 Isopropyl acetate 53 
11 Ethyl acetate 56 
a General reaction conditions: Cu(OTf)2 (0.1 mmol), dppe (0.1 mmol), benzylcarbamate 
(1.0 mmol), phenyl-1,3-butadiene (1.5 mmol), solvent (3 mL), 55 ºC, 18 h. b Yield 
determined by HPLC duplicated to within ±3%. 
 
Next, six diphosphine ligands were screened for any significant rate enhancement 
(Table 19). Although the selection of phosphine ligands available to use was limited, rac-
BINAP, S,S-DIOP and dppe were found to afford 164 with similar yields (entries 1 to 4), 
while dppp and dppf are comparably worse (entries 5 and 6). Again, very little product was 
formed in the absence of ligand (entry 7). Given little difference between the best 
performing ligands, dppe was chosen for further studies, as it is significantly cheaper than 
the other ligands.   
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Table 19: Ligand screening.a 
Entry Ligand (L) Yield/%b
1 
PPh2
PPh2
rac-BINAP  
62 
2 
PPh2
PPh2
H
H
O
O
(1S, 2S)-DIOP  
60 
3 
PPh2
O
PPh2
Xantphos  
54 
4 Ph2P(CH)2PPh2 (dppe) 59 
5 Ph2P(CH)3PPh2 (dppp) 39 
6 Fe
PPh2
PPh2
dppf  
14 
7 - 5 
a Reaction conditions: 5 mol% Cu(OTf)2, 5.5 mol% ligand, methylcarbamate (1.0 mmol), 
phenyl-1,3-butadiene (1.5 mmol), ethyl acetate (3 mL), 55 ºC, 18 h. b Yield determined by 
HPLC duplicated to within ±2%. 
 
3.3.2 Statistical Design of Experiments (DoE) 
 
An alternative approach to a modular optimisation and simplex optimisation 
strategy is one based on statistical design of experiments (DoE). Optimisation of a catalyst 
by factorial design can lead to a significant reduction in time to achieve this goal. Using the 
design-expert® computer software (DX-7), a 2-level factorial design with 4 variables (24) 
was chosen to identify the vital factors affecting the catalytic performance. A conventional 
systematic approach to investigating a 24 experimental design requires 16 experiments to be 
carried out.  In contrast, the DX-7 program requires only 8 experiments with 2 centre point 
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experiments to add degrees of freedom that allow for the estimation of experimental error. 
From these results, the DX-7 software can statistically analyse the response factors (product 
yield) and identify the most important variables. The variables assessed in this study 
included: reactant ratio, ligand-to-metal ratio, temperature and catalytic loading (Table 20).  
 
Table 20: Factors investigated in the factorial design-optimisation study. 
Parameters 
-1        
low 
0               
centre points 
+1            
high 
A: Temperature/ oC 55 70 85 
B: Catalyst Loading/ mol% 1.0 5.5 10.0 
C: Reactant Fraction/ % 
(carbamate : olefin) 
33        
(1 : 2) 
50              
(1 : 1) 
66             
(2 : 1) 
D: Ligand Fraction: %       
(ligand : metal) 
33        
(1 : 2) 
50              
(1 : 1) 
66             
(2 : 1) 
 
The experimental results are summarised in Table 21. 
 
Table 21: Experiments generated by the DX-7 computer software.a 
Entry 
A: Temperature/ 
oC 
B: Catalyst 
Loading/ mol% 
C: Reactant 
Fraction/ % 
D: Ligand 
Fraction: % 
Yield/ 
%b 
1 55 1 66 66 24 
2 55 1 33 33 33 
3 85 10 66 66 25 
4 85 1 33 66 35 
5 70 5.5 49.5 49.5 45 
6 85 1 66 33 47 
7 55 10 66 33 51 
8 70 5.5 49.5 49.5 42 
9 55 10 33 66 49 
10 85 10 33 33 59 
a Reaction performed in ethyl acetate (3 mL), 18 h. b Yield determined by HPLC, duplicated 
to within ± 3%. 
 
A bar chart of the t-values is called a Pareto chart, which ranks the factors in order 
of significance (Figure 12). Analysis of variance (ANOVA) effect estimates are sorted from 
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the largest absolute value to the smallest absolute value. It clearly shows that the ligand-to-
metal ratio (D) and catalyst loading (B) are the most significant variables influencing the 
outcome of the reaction. Furthermore, the blue bars represent factors that have a negative 
affect on the reaction outcome whereas the orange bars indicate a positive affect. Therefore, 
the Pareto chart implies that lower metal-to-ligand ratios and higher catalytic loading may 
improve the catalytic performance. There were no discernable affects resulting from 
changes to the reactant ratio (C) and reaction temperature (A), both of which were 
statistically insignificant (t-limit <3.18). The t-test assesses whether the means of two 
groups are statistically different from each other in relation to the variation in the data. 
Statistically significant variables will have t-values greater than 3.18 and this cut off is 
shown as a black horizontal line in the Pareto chart.   
Aliased terms indicate two factor interactions, and arise when there are not enough 
experiments to independently estimate all the possible effects. A significant interaction 
between temperature and catalyst loading was observed and shown as an aliased term (AB) 
in the Pareto chart. For example, when factors C and D are kept constant, the combination 
of A and B gave negligible increase at these conditions (Table 16, entries 1 and 3). The 
consequence of an aliased model is that it cannot be used for prediction of a response and 
extrapolation of the optimum conditions.    
 
Factors D, B and aliased terms AB and AD exceeded the minimum acceptable 
probability (standard t-limit, >3.18) for a given term to be significant. This t-limit is only an 
approximation to a 5% risk level. Effects that are above the red horizontal line at 6.58 
(Bonferroni limit) are almost certainly significant. The Bonferroni limit is a very 
conservative multiple pairwise test that safeguards against statistically significant data 
actually being due to chance. The effects from all the variables investigated did not display 
significance to the Bonferroni corrected t-limit. 
98 
 
    Figure 12: Pareto chart. 
 
Although the resultant interacting factors (aliased terms) prevented an extrapolation 
of the optimum conditions, the significant variables affecting the reaction outcome were 
identified. Given that temperature (A) and reactant ratios (C) were statistically insignificant, 
higher catalytic loadings (D) were examined using a deficiency of ligand (B). The yield was 
improved slightly when higher catalytic loadings were employed, but plateaus between 40-
60 mol% (Scheme 83). Catalytic loadings greater than 60 mol% failed to provide higher 
yields of the corresponding addition product 164. No other by-products were isolated from 
the reaction mixture and the unreacted benzylcarbamate (the limiting reagent) was 
recovered. 
 
A = Temperature/ oC 
B = Catalyst loading/ mol% 
C = Reaction ratio 
D = Metal-to-ligand ratio 
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BnO NH2
O
N
H
BnO
O
Ph
Cu(OTf)2/dppe (2 : 1)
20 mol%: 42% Yield, 40 mol%: 70 % Yield
60 mol%: 73% Yield, 100 mol% 68% Yield
dioxane, 55oC, 18h
Ph
164
 
Scheme 83: Investigation of higher catalytic loadings. 
 
3.3.3 Conclusions 
 
In summary, the catalytic activity of Cu(OTf)2 for the hydroamidation reaction was 
improved by introducing a chelating diphosphine ligand. Although the HA between aniline 
and morpholine to norbornene in the presence of Cu(OTf)2 with and without diphosphine 
ligand was unsuccessful, the addition of sulfonamides and carbamates to olefins was 
achieved.  
A HPLC method was developed for the optimisation study to allow rapid analysis 
of the reaction mixtures. The application of PCA solvent-model to ascertain the best solvent 
conditions for the Cu-catalysed hydroamidation reaction was unsuccessful. Finally, a 
factorial design was implemented to determine the critical factors affecting the catalytic 
performance. The results obtained from ANOVA indicated that lower ligand-to-metal ratios 
and higher catalytic loadings were best for higher product yields. Indeed, the product was 
slightly improved by using 60 mol% of catalyst with a deficiency of diphosphine ligand.   
The addition of p-toluenesulfonamide, methyl and benzyl carbamate to 1,3-dienes 
allows access to allylic amines by orthogonal deprotection methodologies (Scheme 84).  
The chemoselective reduction of benzylcarbamate and benzylamine was accomplished in 
the presence of alkenes by using Pearlman’s-catalyst Pd(OH)2, affording the chiral allylic 
amines 166 from 165 in excellent yield.212 Removal of the N-(methoxycarbonyl) amino 
protective group to deliver an allylic amine was applied to the synthesis of (S)-Vigabatrin 
from precursor 167 using TMSI.213 More recently, an alternative route to Vigabatrin was 
disclosed using sodium naphthalenide to desulfonate 168 in good yield.214      
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N PhPh
NH
Ph
O
BnO HN
O
OBn
N
H
PhPh
NH2 NH2
Pd(OH)2, 
H2
MeOH,
rt, 17h
92% Yield
HN
CO2Et
O
OMe NH3+Cl-
CO2H1) TMSI, DCM/MeOH, rt, 12h
2) 3N HCl, H2O, 50 oC, 16h 89% Yield
(S)-Vigabatrin
HN
CO2H
Ts
NH3+Cl-
CO2H
71% Yield
(S)-Vigabatrin
Na+
1)                               THF, 0 oC, 2h
2) 12N HCl, H2O, rt, 1h
165 166
167
168
 
Scheme 84: Deprotection methodologies for allylic sulfonamides and carbamates. 
 
 
3.4 Copper-Catalysed Hydroamidation of Vinylarenes 
 
Vinylarenes were chosen in an attempt to expand the reaction scope to other 
conjugated alkenes. Initially, the reaction between three different arylsulfonamides and 
styrene in the presence of Cu(OTf)2 was examined (Table 22). The addition of 
toluenesulfonamide to styrene was catalysed by Cu(OTf)2 at 75 oC giving the phenylethyl 
sulfonamide 169a in modest yield (entry 1). The addition of p-nitro-benzenesulfonamide 
(nosyl) required a higher temperature of 100 oC to obtain a modest yield of the addition 
product 170a (entry 2). Phenethyl sulfonamides (169a and 170a) were fully characterised 
by 1H, 13C NMR, FTIR and mass spectrometry. The branched products gave rise to 
distinctive proton resonances in the 1H NMR spectra: a methine resonance was observed at 
4.48 ppm as a quintet, and a methyl resonance at 1.43 ppm as a doublet. Both products were 
obtained as crystalline solids. The melting points of 169a (78-80 oC) and 170a (124-125 
oC) correlate well with the reported literature values (79-80 oC and 124-126 oC 
respectively).215, 216 In contrast, the sterically bulky N-benzyl toluenesulfonamide did not 
react with styrene even at elevated temperatures of 100 oC. In this case, the formation of a 
styrene dimerisation by-product 172 was observed by 1H NMR in the reaction mixture. The 
styrene dimer 172 was fully characterised by 1H and 13C NMR spectroscopy and correlated 
well with literature values for the E-isomer.217 In all cases, only the branched addition 
products were observed.  
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Table 22: Cu-catalysed addition of arylsulfonamides to styrene.a 
10 mol% Cu(OTf)2
1,4-Dioxane, 18h
PhR S NHR1
O
O Ph
N
S
R
R1
O O
Ph Ph
172  
Entry Sulfonamide Temp/ oC Product Yield/%b
1 
S
O O
NH2
 
75 
H
N
S
Ph
O O  
169a 
42  
2 
S
O O
NH2
O2N  
100 
H
N
S
Ph
NO2
O O  
170a 
53 
3 
S
O O
HN
Ph
100 N SPh
O O
Ph
 
171 
NR  
(100) 
a General reaction conditions: Cu(OTf)2 (0.1 mmol), ArSO2NHR1 (1.0 mmol), styrene (2.0 
mmol), 1,4-dioxane (1 mL), 75 or 100 ºC, 18 h. b Isolated yield after column 
chromatography, duplicated to within ±3%. Value in parentheses corresponds to the yield 
of dimer, based on vinylarenes and calculated by 
1H NMR analysis of reaction mixture. 
 
 
3.5 Investigation of Triflic Acid-Catalysed Hydroamidation Reaction.  
 
Prior to this study, Hartwig and Schlummer reported that the cyclisation of N-
tosylaminoalkenes 173, could be catalysed by triflic or sulfuric acid (Scheme 85).218 N-
toysl-pyrrolidines and piperidines 174 were formed in good to excellent yields by 
employing 20 mol% of the Brønsted acid catalyst.  
NHTs
R2
20 mol% TfOH or H2SO4
Toluene, 100 oC
n
173 174
51-99% Yield
N
R1
R2
nR1
Ts  
Scheme 85: Triflic and sulfuric acid-catalysed cyclisation of N-tosylaminoalkenes. 
 
In light of this publication, a control reaction was carried out employing a catalytic 
loading of triflic acid, equivalent to the quantity of acid that can potential be generated from 
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Cu(OTf)2 (Scheme 86). In the presence of 20 mol% of triflic acid at 75 oC, formation of the 
styrene dimer 172 was observed in addition to the hydroamidation addition product 169a. 
The reaction was monitored by 1H NMR and two doublets resonating at 1.43 ppm (169a) 
and 1.39 ppm (170), corresponding to the methyl protons were observed. After the first 2 
hours, the integrals from these two signals indicated a ratio of 1 : 2.2 of 169a to 172.  The 
reaction mixture was reanalysed after 18 hours and the 1H NMR signals displayed a 
different distribution of the two addition products, with a new ratio of 1 : 1.2 of 172 to 
169a. The dimerisation of styrene is faster than the Brønsted acid-catalysed addition of 
toluenesulfonamide to styrene. Although styrene was used in excess, TLC and 1H NMR 
analysis indicated complete consumption of the starting material. This may be attributed to 
Brønsted acid-catalysed polymerisation of styrene, which prevented higher yields of 169a 
or 172 from being obtained.  
20 mol% HOTf
1,4-Dioxane, 75 oC 18h
PhTol S NH2
O
O
Ph
HN
S
Tol
O O
Ph Ph
172169a
14% Yield 15% Yield
2 hours        1.0              :             2.2
18 hours      1.2              :             1.0  
Scheme 86: Triflic acid-catalysed hydroamidation and styrene dimerisation. 
 
The isolated yield of 169a obtained from the triflic-acid catalysed reaction was 
substantially lower than the Cu-catalysed reaction. This result implies that the metal plays a 
significant role and the reaction is not simply catalysed by acid derived from the triflate 
salt, although the involvement of Brønsted acid cannot be totally discounted. Following our 
publication,219 Hartwig141 and He140 demonstrated independently that intermolecular 
addition of O-H bonds of phenols and carboxylic acids and N-H bonds of sulfonamides and 
carbamates to norbornene, vinylarenes and 1,3-dienes could be more efficiently catalysed 
with lower loadings (1-5 mol%) of triflic acid (Scheme 87).  
Ts NH2
Ts NH2 Ph
1 mol% TfOH
DCE, 50 oC, 25h
5 mol% TfOH
toluene, 85 oC, 24h
H
N
Ph
NH
Ts
Ts
63% Yield
70% Yield  
Scheme 87: Triflic acid-catalysed hydroamidation reaction. 
In both publications, the authors suggest that low yields of the hydroamidation 
product result when a large loadings of triflic acid are used (10-20 mol%). In agreement 
103 
 
with our results, Hartwig also observed that the olefin was consumed under these 
conditions. They also propose product decomposition as a competitive process in the 
presence of Brønsted acid. For example, the addition of phenethyl alcohol to styrene gave 
175, which was formed initially in 41% yield, but this decomposed and the  amount of 
styrene dimerisation product increased with longer reaction times (Scheme 88).141 Details 
indicating the extent of triflic acid-induced product decomposition and olefin dimerisation 
are not provided, but our earlier 1H NMR studies indicate that styrene dimerisation and 
polymerisation is simply faster than hydroamidation when higher loadings of Brønsted acid 
are used (Scheme 86).      
Ph Ph
OH
Ph
O
Ph
1 mol% TfOH
toluene, 70 oC, 16h 41% Yield
175  
Scheme 88: Triflic acid-catalysed addition of phenethyl alcohol to styrene. 
 
3.5.1 Dimerisation of Styrene.  
 
 
Dimerisation of styrene is known to occur in the presence of certain TM catalysts 
such as RuCl3.nH2O220, Pd(OAc)2/PPh3/In(OTf)3221 and CoCl2(PPh3)2/PPh3/Zn222 (Scheme 
89). Interestingly, for the Ru-catalysed dimerisation of α-methyl styrene, the type of 
addition product obtained is dependent on the solvent used. For example, a polar solvent 
gave 176 and a non-polar solvent afforded 177.    
Ph
R2
A) 10 mol% CoCl2(PPh3)2/PPh3/Zn CH3CN, EtOH, 80 oC,18h, 62-92% Yield
2
 RuCl3.nH2O
    2 mol%
Benzene
78% Yield
B) 10 mol% Pd(OAc)2/PPh3/In(OTf)3 1,4-dioxane, 50 oC, 4h, 70-98% Yield
THF
R A or B
 RuCl3.nH2O
    2 mol%
94% Yield
R = 2-Naphtyl,
4-CF3, 4-Cl, 4-Br, 
4-Me, 2-OMe, 4-NPh2
R
176 177
 
Scheme 89: TM-catalysed dimerisation of vinylarenes. 
 
Given the above examples, it was predicated that Cu(OTf)2 alone could catalyse the 
dimerisation of styrene. Indeed, when styrene was heated at 100 oC in the presence of 10 
mol% Cu(OTf)2, the dimer was formed with 100% conversion, as confirmed by 1H NMR 
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spectroscopy (Scheme 99).  This result contrasts with a previous report of a silica-supported 
Cu(OTf)2, developed for heterogeneous cationic polymerisation of styrene (Scheme 90).223 
By grafting Cu(OTf)2 onto a silica surface, the overall reactivity of the catalyst was 
enhanced. Compared to the homogeneous catalyst, the silica-supported catalyst gave faster 
conversions, polymers with higher molecular weights and little leaching of copper into the 
polymer.           
10 mol% Cu(OTf)2
1,4-Dioxane, 75 oC, 18h
100% Conversion
2 172
n
0.1 mol% Cu(OTf)2 -Silica n Polystyrene
toluene, 22 oC, 3mins
78% conversion
Mn = 1160  
Scheme 90: Cu-catalysed dimerisation and polymerisation of styrene.223 
 
3.5.2 Comparison of Catalytic Activity Between Triflic Acid and Metal Triflates 
 
The comparable catalytic activity between triflic acid and metal triflates is the main 
premise of Hartwig’s argument for a non metal-catalysed pathway.  However, there is 
substantial disparity in scope between Cu(OTf)2 and triflic acid for the addition of amides, 
sulfonamides and carbamates to alkenes, which is illustrated below (Scheme 91). The 
copper catalyst was inactive for the less acidic benzamide and unactivated olefins (e.g., 
cyclooctene, cyclohexene and allylanisole), whereas triflic acid furnished the addition 
products 178, 179 and 180 in good yields.          
OMe
n
n = 1 or 3
PhPh NH2
O
Ts NH2 or
n
H
NTs
OMe
N
H
Ts
A, n = 1: 58% Yield 
A, n = 3: 88% Yield
B, n = 1 or 3: NR
A: 88% Yield 
B:  NR
or
tolune, 60-80 oC, 18-22h
Ph
HN Ph
O
A: 88% Yield or B:  NR
A) 1 mol% TfOH
B) 5 mol% Cu(OTf)2/5 mol% dppe
dioxane, 100 oC, 24h 178
179
180
A) 1 mol% TfOH
B) 5 mol% Cu(OTf)2
    /5 mol% dppe
 
Scheme 91: Cu(OTf)2 vs triflic acid-catalysed N-H additions to unactivated alkenes. 
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The diphosphine/Cu(OTf)2 system was also unable to catalyse the addition  of 
toluenesulfonamide to other olefins shown in Figure 13.  
O
Limonene
OMe
CN
Et OEt
O
Ph N
H
O O
118
n
n = 1 or 3
 
Figure 13: Unreactive olefins. General reaction conditions: Cu(OTf)2 (0.1 mmol), dppe 
(0.1 mmol), Ts-NH2 (1.0 mmol), olefin (1.5 mmol), 1,4-dioxane, 100 ºC, 18 h. 
 
The other enigma arises from the ligand accelerating effect observed in the 
Cu(OTf)2-catalysed addition of toluenesulfonamide to 1,3-cyclohexadiene (Scheme 92). 
Where Cu(OTf)2 alone was sluggish, addition of dppe gave rise to an exceptional rate 
enhancement. On this occasion, the yield obtained from the triflic acid-catalysed reaction, 
does not match the yield obtained by Cu(OTf)2 or Cu(OTf)2/dppe catalytic system. 
Furthermore, for the addition of methylcarbamate to 1,3-cyclohexadiene, the electronic 
property and bite angle of the diphosphine ligand was influential on the product yield 
(section 3.1). This ligand effect implies that a new species derived from the diphosphine 
ligand and Cu(OTf)2 is formed, which catalyses the hydroamidation reaction.    
Ts NH2
50-55 oC, 18-25h
H
N Ts
cat
Cu(OTf)2 (10 mol%) = 3% Yield
TfOH (1 mol%) = 63% Yield
Cu(OTf)2/dppe (5 mol%) = 92% Yield  
Scheme 92: Addition of toluenesulfonamide to 1,3-cycohexadiene. 
 
Based on an unpublished observation, Hartwig speculated that for the addition of 
cyclohexanol to styrene in the presence of a combination of a ruthenium precursor and 
triflic acid was more likely catalysed by a phosphonium triflate, generated from the metal-
phosphine complex and acid, than by a ruthenium complex.141 The phosphonium triflate 
[R3PH]+ -OTf  could also be generated from a copper-phosphine complex.  
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3.6 Optimisation of Copper-Catalysed Addition of Toluenesulfonamide to 
Styrene.  
 
 
Motivated by the apparent rate-enhancing affect of a diphosphine ligand, the 
addition of toluenesulfonamide to styrene was repeated in the presence of (±)-BINAP and 
this was found to be effective in accelerating the rate of the reaction (Scheme 93). This can 
be potentially employed in its chiral form to achieve asymmetric catalysis. 
PhTol
S
NH2 Ph
HN
S
Tol
79% Yield
10 mol% Cu(OTf)2
10 mol% rac-BINAP
dioxane, 75 oC, 18h
169a
O O
O O
 
Scheme 93: Rate enhancement affect of rac-BINAP on the Cu-catalysed hydroamidation 
reaction. 
 
Before attempting to achieve a asymmetric hydroamidation reaction, the reaction 
conditions were optimised. First, different solvents were investigated (Table 24). Dioxane 
proves to be the best solvent in this reaction, giving 81% yield (entry 1). The non polar 
toluene led to a slight decrease in yield (entry 2), whilst the polar solvent acetonitrile 
afforded an even lower yield of the addition product (entry 3), which was similarly 
observed for the addition of benzylcarbamate to phenyl-1,3-butadiene.  Finally, DCE was 
found to be less suitable than dioxane for this reaction (entry 4). Next, different reactant 
ratios were investigated (entries 5-8). It appears that the optimum yield is obtained by 
employing an excess of the sulfonamide (entry 5). An equimolar ratio or excess styrene led 
to lower yields of the addition product (entries 6-8). Notably, when excess olefin was used, 
the formation of styrene dimer 172 was not detected by 1H NMR spectroscopy. Once the 
optimum solvent and reactant ratio had been established, the lowest catalytic loading that 
could provide an acceptable yield of 169a in the given time was investigated. The catalytic 
loading could be reduced to 1 mol% with no detrimental effect (entries 9-11), but 
decreasing the catalytic loading further to 0.1 mol% led to significant drop in product yield 
(entry 12). For the rest of the study, 5 mol% of catalyst was adopted, to accommodate less 
reactive sulfonamides.   
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Table 24: Solvent study using Cu(OTf)2/rac-BINAP as catalyst.a 
Entry Solvent 
Reactant Ratio (Styrene 
: Toluenesulfonamide 
Catalyst 
Loading/mol% 
Yield/%b
1 Dioxane 1.5:1 10 81 
2 Toluene 1.5:1 10 60 
3 Acetonitrile 1.5:1 10 14 
4 DCE 1.5:1 10 37 
5 Dioxane 1:2 10 98 
6 Dioxane 1:1 10 70 
7 Dioxane 2:1 10 75 
8 Dioxane 4:1 10 72 
9 Dioxane 1:2 10 98 
10 Dioxane 1:2 5 97 
11 Dioxane 1:2 1 93 
12 Dioxane 1:2 0.1 71 
a General reaction conditions: Cu(OTf)2 (0.1-0.01 mmol), (±)-BINAP (0.1-0.01 mmol), 
TsNH2 (1.0-2.0 mmol), styrene (1.0-4.0 mmol), solvent (2 mL), 75 ºC, 18 h. b Isolated yield 
after column chromatography, duplicated to within ±5%. 
   
3.7 Copper-Catalysed Addition of Sulfonamides to Vinylarenes.  
 
With the optimised conditions, the Cu-catalysed addition of toluenesulfonamide to 
different vinylarenes was studied (Table 25). When an electron-withdrawing p-fluoro 
substituent was present on the styrene substrate, the yield is comparable to that obtained 
with styrene (entries 1 and 2). The p-chlorostyrene also gave the addition product in good 
yield but required a longer reaction time (entry 3). Introducing an electron-donating p-
methoxy substituent decreased the effectiveness of the addition. The product 169d was 
obtained in poor yield, and corresponding dimerisation product was observed in this case 
(entry 4). The styrene dimerisation pathway is encouraged by an electron-donating 
substituent suggesting a nucleophilic pathway. The p-methylstyrene was reactive, affording 
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169e in modest yield after 36 hours (entry 5). While sterically hindered 2,4-dimethyl-
substituted styrene also afforded 169f in a modest yield (entry 6). In contrast to p-
methoxystyrene, the p-trifluoromethyl derivative was unreactive (entry 7); moreover, no 
dimerisation was observed in this case.  2-Vinylnaphthalene was also reactive, affording 
modest yield but the addition was slower than styrene (entry 8). There appears to be no 
direct correlation between product yield and the electronic property of the vinylarene. 
Finally, no reaction was observed with indene as the olefin substrate (entry 9).   
 
Table 25: Cu-catalysed addition of toluenesulfonamide to substituted styrenes.a 
Tol
S
NH2
HN
S
Tol
5 mol% Cu(OTf)2
5 mol% rac-BINAP
dioxane, 75 oC
O O
O O
RR
Entry R Time/hours Product Yield/%b 
1 H 18 NHTs
 
169a 
97 
2 4-F 18 
NHTs
F  
169b 
95 
3 4-Cl 36 
NHTs
Cl  
169c 
83 
4 4-OMe 36 
NHTs
MeO  
169d 
26 (29)c 
5 4-Me 36 NHTs
 
169e 
67 
6 2,4-Me2 36 
NHTs
 
169f 
54 
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7 4-CF3 36 
NHTs
F3C  
169g 
NR 
8 Naphthyl 36 NHTs
 
169h 
70 
9 Indene 36 
NHTs
 
169i 
NR 
 a General reaction conditions: Cu(OTf)2 (0.05 mmol), (±)-BINAP (0.05 mmol), TsNH2 (2.0 
mmol), styrene (1.0 mmol), 1,4-dioxane (2 mL), 75 ºC, 18 h. b Isolated yield after column 
chromatography. c Calculated by 1H NMR analysis of reaction mixtures. Value in 
parenthesis corresponds to the yield of styrene dimer, based on the amount of vinylarene 
used. 
 
Although N-tosyl groups can be deprotected by using sodium-naphthalene,224 the 
reaction generally requires harsh reaction conditions, which are not always suitable for 
base-sensitive secondary amines. Alternatively, secondary amines can be accessed by 
deprotection of meta or para-nitrobenzenesulfonamide (Ns or nosyl), which can be 
removed under relatively milder conditions (Scheme 94).225 For example, deprotection of 
181 was achieved by treatment with thiophenol and potassium carbonate in DMF at room 
temperature to afford 182 in excellent yield and without racemisation. 
PhSH, K2CO3
DMF, rt, 4h
182, 96% Yield, 98% ee
Ph
HN
S
O O
NO2
Br
Ph
NH2
Br
181, 98% ee  
Scheme 94: Deprotection of N,N-disubstituted 2-nitrobenzenesulfonamide.225 
 
The facile deprotection of N-protected nosyl compounds by thiolate nucleophiles 
presumably proceeds via the formation of the Meisenheimer-complex to provide the desired 
primary or secondary amines (Scheme 95). 
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N
H
S
O O
N
R
O
OR S
S
N
O
O
RSHNR
Meisenheimer-complex
O
O
NO2
SR
R NH2
H+ SO2
 
Scheme 95: Mechanism for deprotection of a nosyl group via formation of a -
Meisenheimer-complex.  
 
With this in mind, the addition of nosyl amine to substituted styrenes was also 
investigated (Table 26). In general, the addition imitated the trend observed for the addition 
of toluenesulfonamide (Table 25). Once again, the fluoro-substituted vinylarene was the 
most reactive substrate, followed by chloro-, methyl- and finally 2, 4-dimethyl substituted 
styrenes (entries 2-3, 5-6). The only exception is 2-vinylnapthalene, which was unreactive 
(entry 8), which contrasts with the result observed for the addition of toluenesulfonamide. 
Instead, the exclusive formation of the corresponding dimer of 2-vinylnapthalene was 
observed by 1H NMR in the reaction mixture.  
 
Table 26: Cu-catalysed addition of nosyl amine to substituted styrenes.a 
HN
Ns
5 mol% Cu(OTf)2
5 mol% rac-BINAP
dioxane, 75 oC, 36h R
R NsH2N
 
Entry R Product Yield/%b 
1 H 
NHNs
 
170a 
95 
2 4-F 
NHNs
F  
170b 
83 
3 4-Cl 
NHNs
Cl  
170c 
62 
4 4-OMe NHNs
MeO
26 (32)c 
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170d 
5 4-Me 
NHNs
 
170e 
63 
6 2,4-Me 
NHNs
 
170f 
43 
7 4-CF3 
NHNs
F3C  
170g 
NR 
8 Naphthyl 
NHNs
 
170h 
0 (75)c 
9 Indene 
NHNs
 
170i 
NR  
 a General reaction conditions: Cu(OTf)2 (0.05 mmol), (±) BINAP (0.05 mmol), NsNH2 (2.0 
mmol), styrene (1.0 mmol), 1,4-dioxane (2 mL), 75 ºC, 36 h. b Isolated yield after column 
chromatography. c Calculated by 1H NMR analysis of reaction mixtures. Value in 
parenthesis corresponds to the yield of styrene dimer, based on amount of vinylarene used. 
 
In summary, using a catalyst generated from copper(II) 
trifluoromethanesulfonate/diphosphine, regioselective additions of arylsulfonamides to 
vinylarenes, norbornene, and 1,3-cyclohexadiene were achieved. The presence of a 
diphosphine substantially increased the reaction rate: the bite angle and electronic property 
of the diphosphine were found to exert significant influence on the catalyst activity. 
Compared to other equivalent metal catalysts reported for these reactions, copper(II) is 
cheap, non-toxic and easy to handle in air. In the following section, the development of the 
asymmetric Cu-catalysed hydroamidation reactions is described. 
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3.8 Development of Asymmetric Hydroamidation Reaction and Reversibility 
Study 
 
Development of the catalyst to facilitate the enantioselective addition of 
toluenesulfonamide to styrene was attempted by screening chiral ligands in the presence of 
Cu(OTf)2. Table 27 shows the chiral ligands used and demonstrates their effect on the 
enantiomeric excess, which was determined by chiral HPLC. Toluene was used as the 
reaction solvent to eliminate the possibility for competitive coordination of the solvent to 
the metal centre. These initial results showed that none of the chiral ligands were able to 
introduce any noticeable level of enantioselectivity (entries 2-11). Furthermore, S,S-Dach-
Pyridyl and R-WalPhos ligands completely suppressed the catalyst activity (entries 2 and 
7).  
Table 27: ligand screening for asymmetric hydroamidation catalysis.a 
Ph Tol
S
NH2 Ph
HN
S
Tol5 mol% Cu(OTf)25 mol% L
toluene, 75 oC, 16h
O O
O O
 
Entry Ligand ee /%b Entry Ligand ee /%b
1 - 3 6 
PPh2
PPh2
H
H
O
O
(1S, 2S)-DIOP  
5 
2 
N
NH HN
N
O O
(S,S) Dach-Pyridyl
NR 7 
PPh2
PPh2Fe
S-WalPhos  
NR 
3 
PPh2
PPh2
R-PhanePhos  
4 8 
N
N
OMe
OMe
OMePh2P
Ph2P
OMe
S-PPhos
 
3 
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4 
O
O
P N
R-Monophos  
2 9 NH NH
O O
PPh2 Ph2P
(S,S) -Phenyl Trost 
3 
5 
P(tol)2
P(tol)2
R-tol-BINAP
4 
 
10 
OH
OH
R-BINOL  
2 
a General reaction conditions: Cu(OTf)2 (0.05 mmol), Ligand (0.05 mmol) TsNH2 (2.0 
mmol), styrene (1.0 mmol), 1,4 dioxane, 75 ºC, 16 h. 
b Enantioselectivity determined by chiral HPLC (Daicel Chirapak OD-H column, 90:10 
hexanes:isopropanol, 0.6 mL min-1, λ = 254 nm). 
 
3.8.1 Cross Over Study 
 
To discern the reason(s) for the catalyst’s incapability of forming 169a with any 
significant optical purity, two complementary experiments were conducted. The aim was to 
test the hypothesis that the reaction is reversible, causing optically pure compounds to 
racemise. Assuming that the active catalytic species is a diphosphine-ligated copper triflate 
complex, (±)-BINAP and Cu(OTf)2 were stirred in dioxane for 15 minutes. The solvent was 
then removed under vacuo overnight to provide a yellow powder. The catalytic activity of 
the complex was verified by its application to the synthesis of 169a, which was formed in 
good yield (Scheme 96).  
Tol
S
NH2
HN
S
Tol
5 mol% [rac-(BINAP)Cu(OTf)2]
dioxane, 75 oC, 18h
O O
O O
169a
183
80% Yield  
Scheme 96: Examination of isolated complex 183 for the hydroamidation reaction. 
 
A crossover experiment was accomplished by heating the nosyl compound 170a in 
the presence of toluenesulfonamide under catalytic conditions (Scheme 97). Since 
toluenesulfonamide is more reactive than p-nitro-substituted counterpart, it was envisaged 
that the corresponding crossover product would form easily if the reaction is reversible. The 
reaction mixture was analysed by mass spectrometry using chemical ionisation technique, 
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which allows easier detection of the parent ions. As shown in the spectrum below (Figure 
14), the signals corresponding to the mass ions of 169a (294) and 170a (324) were 
identified as [M + NH4]+ adducts. Negative ion chemical ionisation also displayed two 
signals for crossover product 169a at 277 [A + H]- and 294 [A + NH4]-. This preliminary 
result indicates that the hydroamidation reaction is indeed reversible under catalytic 
conditions and may be the cause for little asymmetric induction.  
Tol
S
NH2
HN
Ns
5 mol% [rac-(BINAP)Cu(OTf)2]
dioxane, 75 oC, 18h
O O
170a
183
HN
Ts
169a
mw: 306 (NH4+, 324) mw: 275 (NH4+, 293)
Ns NH2
 
Scheme 97: Cu-catalysed exchange of a tosyl for a nosyl group. 
 
Figure 14: Mass Spectra. 
 
 
 
 
 
 
 
 
169a (293) 
[M+NH4]+ 
170a (324) 
[M+NH4]+ 
169a (294) 
[A+NH4]- 
 
169a (277) 
[A+H]-
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3.8.2 Racemisation Study 
 
An experiment monitoring the effect of catalytic conditions on the ee of a non-
racemic compound would prove unequivocally that racemisation is occurring.                 
The (S)-enantiomer of 169a was synthesised from a commercially available (S)-1- 
phenylethylamine,. Tosylation using triethylamine as base afforded the chiral substrate 184 
in modest yield (Scheme 98).  
NH2
Cl
S
OO
     Et3N
DCM, rt, 24h
HN
Ts
57% Yield
184
 
Scheme 98: Tosylation of (S)-1-phenylethlamine. 
 
The optical purity of 184 was confirmed by chiral HPLC, which displayed only one 
enantiomer eluting at 24.4 minutes (Figure 15). Interestingly, when 184 was heated for 18 
hours in the presence of Cu(OTf)2, no deterioration of its optical purity was observed. In 
contrast, when chiral substrate 184 was heated in the presence of the isolated complex 183, 
the chromatogram clearly showed the emergence of the other isomer (Scheme 99). This 
was confirmed by doping the HPLC sample with a small amount of racemic compound and 
subsequent augmentation of the minor peak was observed.    
5 mol% 183 = [(rac-BINAP)Cu(OTf)2]: 83% ee of 184a
5 mol% Cu(OTf)2: 100% ee of 184a
dioxane, 75 oC, 18h
HN
Ts
HN
Ts HN
Ts
100% ee
184
183 or Cu(OTf)2
184a 184b
 
Scheme 99: Racemisation of 184.  
 
The experiment showed that the enantiomeric excess decreased from 100% to 83% 
after 18 hours, which suggests the racemisation process is relatively slow under these 
conditions. Reversible addition may enable the racemisation of a chiral substrate, however, 
it cannot be assumed that asymmetric hydroamidation was achieved when the reaction was 
conducted in the presence of chiral ligands. For example, the ee of 184 decreased by 17% 
after 18 hours, but chiral HPLC analysis of the R-BINAP/Cu(OTf)2-catalysed addition of 
toluenesulfonamide to styrene indicated no formation of any stereochemically defined 
product after 3 hours (2% ee). 
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Figure 15: HPLC chromatograms corresponding to analysis of 184. Top: racemic mixture. 
Middle: optically pure. Bottom: post reaction using the isolated complex as catalyst. HPLC 
Conditions: (Daicel Chirapak OD-H column, 90:10 hexanes:isopropanol, 0.6 mlmin-1 and λ 
= 254 nm). 
 
Disappointed by the lack of any notable ee’s, we considered a different approach 
based on activation of the nitrogen substrate. Chelation of a diphosphine ligated Cu-
complex to a 1,3-dicarbonyl motif (Figure 16), may lead to generation of two 
117 
 
diastereomeric transition states in its reaction with C=C double bonds, which subject to 
differences in reaction rates and activation energies will allow the formation of one 
enantiomer in excess to the other.  
R N
H
O O
R1
Cu
P P
 
Figure 16.   
 
A nitrogen-substrate containing a 1,3-dicarbonyl moiety was prepared by acylation 
of benzylcarbamate (Scheme 100). Compound 185 was obtained in modest yield and its 
identity confirmed by the appearance of a distinctive methyl resonance in the 1H NMR 
(2.45 ppm) and a new carbonyl group resonating at 172.0 ppm in the 13C NMR.    
O NH2
O
O
O
O
O N
H
O O
40 oC, 20h
H2SO4
185
67% Yield  
Scheme 100: Synthesis of acetyl-carbamicacid-benzylester 27. 
 
The Cu-catalysed addition of compound 185 to 1,3-cyclohexadiene was examined, 
but no addition products were observed and 185 was fully recovered (Scheme 101), thus 
preventing an opportunity for asymmetric catalysis to be developed. 
O N
H
O O
185
Cu(OTf)2/dppe 
(5 mol%/5mol%)
dioxane, 55oC, 18h
O N
O O
0% Yield
 
Scheme 101: Attempted Cu-catalysed addition of 185 to 1,3-cyclohexadiene. 
 
Initially, it was believed that the disparity in reactivity between the non-reactive 
amines or amides and the reactive weakly nucleophilic sulfonamides and carbamates could 
be attributed to the pKa of the substrate. However, the failure of the Cu-catalysed 
hydroamidation of 1,3-cyclohexadiene with trifluoroacetamide and the N,N-diacylamine 
substrate 185 suggests that other properties of the substrates also have a significant effect 
on the reaction outcome.  
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3.9 Identification of the Active Catalytic Species.  
 
As previously mentioned, some interesting colour changes were observed upon 
mixing Cu(OTf)2 with a diphosphine ligand. In order to elucidate the chemical structure of 
the active catalytic species, we attempted to obtain crystals of the complex suitable for X-
ray crystal diffraction studies.  This proved to be a very challenging process. After 
exploring many binary solvent combinations, single crystals were obtained from the 
combination of Cu(OTf)2 and dppe, by the  slow diffusion of diethylether into a THF 
solution of the complex. Unexpectedly, the crystal structure reveals a bis(diphosphenyl-
oxide) ligated copper(II) triflate-complex 186, with one triflate molecule of solvation 
present per formula unit (Figure 17). In this crystal structure, the copper atom is penta-
coordinated with five donor atoms at the vertices of a square-base pyramidal, formed by 
two chelated, 1,2-ethanediylbis[diphenyl-phosphine oxide] (odppe) moieties and a triflate 
anion as the fifth ligand. The bond lengths and angles for this complex are summarised in 
Table 28. The two oxygen atoms for one of the odppe ligands occupy an equatorial and an 
apical position. The bite angle for both chelating ligands was determined in the range of 
95.85(12)° to 94.20(12)°. The oxygen atom in the axial position exhibits a Cu-O bond 
distance (2.129(3) Å, O4), significantly longer than those in the equatorial plane, for which 
the average values of 1.993(3) Å (O34 and O61) and 1.932(3) Å (O1 and O31), were 
observed. The copper atom deviates slighlty from the equatorial plane, defined by the atoms 
O1, O31, O34, and O61, being shifted 0.275 (2) Å, toward O4.  
 
Table 28: Selected bond lengths (Å) and angles (°) for [Cu(odppe)2(OTf)]2+.OTf (186). 
Cu-O1 1.931(3) Cu-O31 1.933(3) 
Cu-O34 1.985(3) Cu-O61 2.000(3) 
Cu-O4 2.129(3) Cu-O61-S60 138.3(3) 
O1-Cu-O34 89.94(12) O31-Cu-O34 94.20(12) 
O1-Cu-O4 95.85(12) O1-Cu-O31 163.41(11) 
O31-Cu-O4 99.32(11) O61-Cu-O4 103.92(17) 
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Figure 17: Ball and stick diagram of pentacoordinate [Cu(odppe)2(OTf)]+.OTf (186), 
showing adopted labelling scheme. 
 
The [Cu(odppe)2(OTf)]2+.OTf complex may possibly have been derived from the 
1,2-bis(diphenyl-phosphine oxide)ethane impurity present in the commercially sourced 
sample of dppe. The compound was purchased from Sigma Aldrich with a purity level of 
96% assay and LC-MS analysis confirmed the presence of odppe, comprising 2.2% of the 
total sample. The catalytic activity of the [Cu(odppe)2(OTf)]+[OTf]- complex was examined 
using the addition of toluenesulfonamide to 1,3-cyclohexadiene as the test reaction. 
However, disconcertingly, no hydroamidation products were observed (as determined by 
TLC and 1H NMR analysis). This suggests that the isolated compound is not the active 
catalytic species.  
 
Surveying the literature for similar compounds revealed that diphosphine-ligated 
Cu(I) triflate complexes such as [(Cy3P)2Cu(OTf)]226 and [(BINAP)Cu(OTf)]227 have been 
reported. However, diphosphine-ligated Cu(II) triflate complexes are elusive, although 
related compounds e.g. [(cdpp)CuCl2]228 and [Cu(H2dpbd)][(ClO4)]2229 are known (Figure 
18).   
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Co
P
P CuCl2
Ph
Ph
PhPh
HN NH
P
Ph2
P
Ph2
Cu
[ClO4]2-
[(cdpp)CuCl2] [Cu(H2dpbd)][(ClO4)]2  
Figure 18: Cu(II) diphosphine compounds. 
 
For future work, it is hoped that Electron Paramagnetic Resonance (EPR) studies 
can be conducted in order to reveal the oxidation state of the metal and information about 
the coordination geometry of the catalytically active complex.  
 
 3.10 Proposed Catalytic Cycle.  
 
Key observations leading to a proposed catalytic cycle:  
 
• Apparent effects of the electronic property and bite angle of the diphosphine ligand 
on the catalytic performance on Cu(OTf)2, indicate the formation of a new catalytic 
species which still remains to be identified. Notably, the racemisation of optically 
pure toluenesulfonamides did not occur in the presence of Cu(OTf)2, but took place 
when a combination of Cu(OTf)2 with diphosphine ligand was employed as catalyst.  
 
• For the acyclic olefins examined in this study, the high regioselectivity for branched 
products suggests a mechanism proceeding via formation of a stabilised carbo-
cation intermediate.  
 
 
• Ultimately, only a base, which eliminates acid from the system, will allow the 
involvement of Brønsted acid to be completely ruled out. The Cu-catalysed addition 
of toluenesulfonamide to 1,3-cyclohexadiene was attempted in the presence of 
excess base (Table 29). Although not fully suppressed, the reaction was more 
sluggish when conducted in the presence of dimethylaniline (DMA) (entry 1). 
However, the catalyst was inhibited by the presence of non-coordinating bases such 
as CuCO3 and K2CO3 (entries 2 and 3) and thus suggesting that control reactions 
with amine bases can be misleading. Finally, sodium hydroxide completely 
suppressed the catalytic activity (entry 4).  
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Table 29: Affect of base on the Cu-catalysed hydroamidation reaction.a 
N
H
Ts
5 mol% Cu(OTf)2
5.5 mol% L
10 mol% Base
dioxane, 60 oC 18h
Ts NH2
 
Entry Base Yield/%b 
1 DMA 42 
2 K2CO3 8 
3 CuCO3 6 
4 NaOH - 
 
• Unlike triflic acid, the copper system catalysed the hydroamidation of styrene with 
toluenesulfonamide significantly faster than styrene dimerisation. For the Cu-
catalysed reaction, the styrene dimer was only observed when electron rich 
vinylarenes were employed.  
   
Based on these observations, a plausible mechanism is proposed (Scheme 102). 
Starting from I, it is assumed that ligand exchange occurs between the catalyst and 
arylsulfonamide to generate a copper-sulfonamide intermediate II. This releases triflic acid 
that protonates the vinylarene, furnishing a benzylic cation III. It was envisaged that the 
TfO- anion plays an important role in the bond formation; for example, by enhancing the 
nucleophilicity of the sulfonamide through hydrogen bonding and/ or stabilising the 
cationic intermediate through ion pairing. In this catalytic model, formation of styrene 
dimer 172 results from the reaction of III with vinylarene, which becomes competitive 
when the sulfonamide addition (rate-determining step) is slow, as was the case when an 
electron-deficient sulfonamide and/or electron-rich vinylarene (weaker nucleophile and 
electrophile, respectively) were employed. Finally, the addition of the nitrogen nucleophile 
to III liberates 169a and regenerates the catalyst I. 
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+
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Ar Ar
I
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169a
172 III  
Scheme 102: Proposed catalytic cycle for Cu-catalysed hydroamidation reaction. 
 
3.11 Conclusions and Future Work 
 
In this chapter, the application of a copper-catalyst for the addition of sulfonamides 
and carbamates to norbornene, 1,3-dienes and vinylarenes has been demonstrated. 
Chemometric techniques were used, with mixed success, to optimise the catalytic reaction 
conditions. The design-expert® software was used to assist in the optimisation process and 
successfully identified the critical factors affecting the reaction outcome. Attempts to 
induce asymmetric induction were unsuccessful and the aformentioned investigations 
indicated that the reaction is reversible and this is implicated in the failure to obtain optical 
pure products.  
For future work, further spectroscopic analysis in order to elucidate the chemical 
structure of the active catalytic species derived from Cu(OTf)2 and the diphosphine ligand 
is proposed. To circumvent the loss of chirality via the reversible formation of a planar 
carbocation, we intend to prepare an analogous catalyst to the [(diphosphine)Cu(OTf)2] 
complex, but with chiral anions in place of the triflate anion. It is envisaged that 
stabilisation of a carbocation with a chiral anion in conjunction with a chiral catalyst may 
improve the enantioselectivity. 
Cu-catalysed intramolecular hydroamidation reaction remains uninvestigated in this 
project. Reaction conditions and ligand effects will be assessed for any influence on the 
diastereoselectivity on the nitrogen heterocycle products.        
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4. Palladium-Catalysed Intramolecular aza-Michael Reactions  
 
4.1 Introduction   
 
Compounds with biological activity are often derived from nitrogen-heterocyclic 
structures, which also appear frequently in natural products.230 A vast number of natural 
and synthetic N-heterocyclic compounds have found applications as pharmaceuticals and 
agricultural chemicals. Nitrogen-heterocycles pertinent to this chapter include: pyrrolidine, 
piperidine, indoline and 1,2,3,4-tetrahydroquinoline structures (Figure 19). As a result, a 
variety of synthetic methodologies for these structures has been developed and many 
reviews231-235and monographs 236-238 have been released. Despite the wide availability of 
synthetic methods, there still exists a need to develop more efficient and enantioselective 
procedures, particularly those that allow the synthesis of complex azapolycyclic ring-
systems. 
N
H
N
H
NH
N
H
Indoline Pyrrolidine Piperidine1,2,3,4-Tetrahydroquinoline  
Figure 19: Nitrogen heterocycles. 
 
The intramolecular aza-Michael reaction (IMAMR) offers a direct and atom-
economical means of efficiently synthesising nitrogen heterocycles. Certain aliphatic 
acyclic amino-α,β-unsaturated carbonyl and cyano compounds are known to spontaneously 
cyclise upon their formation. For example, the reduction of aliphatic unsaturated azides 187 
occurred smoothly, leading to pyrrolidines or piperidines 188 in good yields (Scheme 
103).239  
N3
R1
X
R R2
nn =1, 2
R, R1, R2 = H, CH3
X = CO2CH3, CN
H2N
R1
X
R R2
n
NH
R1
X
R2
R
n
Ph3P
THF,H2O
-50 oC
60-86% Yield
187
188
 
Scheme 103: Reduction of azides and spontaneous conjugate addition of primary amines to 
α,β-unsaturated carbonyl and cyano compounds. 
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The cyclisation of certain arylamino-enones 189 can proceed uncatalysed in protic 
solvents, affording pyrrolidones 190 in modest yields (Scheme 104).31, 240  Less reactive 
arylamino-enones 191 were cyclised in less than 1-hour using sulfuric acid as a catalyst 
(Scheme 2).31, 240  
Ph
O
NHCl
N Cl
Ph
O
189 190, 69% Yield
EtOH-H2O
Ph
H
N
Ph
O
N
Ph
Ph
Ph
Ph
O
H2SO4
EtOH-H2O
191 192, 60% Yield
 
Scheme 104: IMAMR of an aromatic amine to an enone. 
 
The intramolecular addition of less nucleophilic carbamates and amides to α,β-
unsaturated esters 193 can be induced using potassium tert-butoxide (Scheme 105).41 The 
cyclisation of 193 led to the stereodivergent synthesis of 2,3-disubstituted piperidines 194a 
and 194b was accomplished in high yields and de’s. However, the use of strong base 
renders this methodology incompatible with a number of functional groups and can 
potentially lead to unwanted side reactions.   
NHR
CO2Me
OSiMe2But
N
OSiMe2But
CO2Me
R
R = Ac, COCF3, H, Boc
0.8 equiv tBuOK
-48 oC, 15 min
68-81% Yield
de = 194a : 194b 60 :1 to 7 :1
N
OSiMe2But
CO2Me
R
or
194a 194b193
 
Scheme 105: tBuOK induced cyclisation of amides and carbamates to α,β-unsaturated 
esters. 
 
Milder bases were employed catalytically for the 1,4-conjugate addition of pyrroles 
and indoles to pendant unsaturated esters 195.42 Using DABCO, (-) sparteine or K2CO3, 
racemic heterocyclic products can be obtained in good to excellent yields (Scheme 106). 
This protocol demonstrated scope for both indole and pyrrole rings, allowing a range of 
variously functionalised polycyclic indole/pyrrole compounds 196 to be readily prepared 
under mild conditions. 
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O
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O N
NBn
O
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O
DABCO, 70% Yield
K2CO3, > 98% Yield
(-)Sparteine, 98% Yield
         10 mol%
DMSO, rt, 1-4h
R
R
R = Me, MeO, Cl
195 196
 
Scheme 106: Base-catalysed intramolecular aza-Michael reaction of indols containing 
pendant-conjugated esters. 
 
The first enantioselective IMAMR catalyst was reported by Takasu, Maiti, and 
Ihara, utilising a chiral organocatalyst to facilitate the addition of amides to α,β-unsaturated 
aldehydes 197 (Scheme 107).241 A variety of imidazolidinone compounds (also known as 
MacMillan organocatalysts) 198 were used to synthesis 1,2,3,4-tetrahydroisoquinolines 
products 199 in good yields in poor to modest ee’s. The reactions are conducted in 
methanol/water (19:1) as solvent to afford predominately acetal products. Although the 
reactions can be conducted at room temperature, the reaction times are excessively long, 
requiring 10 days to complete.  
MeO
MeO
NHCOR
CHO
R = CH=CH2, t-Bu, Ph, CF3, Me
N
H
N
O
R1
.HCl
N R
O
*
OMe
MeO198
20 mol%
MeOH-H2O, rt, 10 days
85-90% Yield
18-46 % ee
197
199
 
Scheme 107: Asymmetric 1,4-conjugate addition of amides to unsaturated aldehydes 
catalysed by imidazolidinone derivatives. 
 
Very recently, another organocatalyst capable of intramolecular enantioselective 
conjugate additions of carbamates containing pendant-conjugated aldehydes 200 was 
disclosed (Scheme 108).242  The prolinol derivatives 201 (also known as Jørgensen catalyst) 
gave useful five- and six-membered ring heterocycles 202 in modest to good yields and 
with high ee’s. Upon completion, the product aldehyde is immediately reduced to the 
corresponding alcohol using sodium borohydride. The catalytic activity is somewhat 
sluggish for substrates containing different heteroatoms (e.g. X = S or NPG) within the 
alkyl chain, requiring up to 96 hours when a sulfur heteroatom is present. Although the ee’s 
are generally good, the system is disadvantaged by the necessity for high catalytic loadings.  
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ii) NaBH4, 3 equiv, MeOH, 0.5h
X CHOPGHN
n
N
X
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PG
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N
H
OTMS
CF3
F3C
CF3
F3C
201
               i) 20 mol%
benzoic acid 20 mol%, CHCl3, -50 oC, 22-96h
X = CH2, NPG, S
PG = Cbz, BOC
200
202
50-80% Yield
85-99% ee
 
Scheme 108: Prolinol–catalysed IMAMR of amino protected unsaturated aldehydes. 
 
Both organocatalyst 198 and 201 operate by iminium–enamine activation. A general 
catalytic cycle is presented for catalyst 201 (Scheme 109). Initially formation of a iminium 
ion II occurs, which facilitates the intramolecular conjugate addition of the amine to the β -
carbon atom to give III. The subsequent protonolysis to give IV followed by hydrolysis 
liberates the product 202 and catalyst I, which is now available to form another iminium 
ion with 200. For catalyst 198, the role of benzoic acid may involve protonation of the 
aldehyde oxygen to enhance the electrophilicity of the carbonyl group and protonation of 
the enamine intermediate III.   
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Scheme 109: Reaction pathway for organocatalytic reaction. 
 
Examples of TM-catalysed IMAMR have yet to be reported. This motivated our 
interest in developing a robust and reusable asymmetric TM-catalyst, which is also tolerant 
of other functional groups. Previously in the research group, α,β-unsaturated systems 
containing 1,3-dicarbonyl groups such as 203, 204 and 205 have been adopted as chelating 
substrates in palladium-catalysed aza-Michael reactions (Figure 20). The 
[(BINAP)Pd(solv)2][OTf]2 complex was used successfully to catalyse the addition of 
aromatic amines with high enantioselectivity.  
Ph N
H
O O
203
O N
O O
R N
H
O O
204 205  
Figure 20: 1,3-dicarbonyl substrates. 
 
A study was initiated to examine the Pd-catalysed intramolecular variants of these 
reactions. Although the importance of the chelating 1,3-dicarbonyl substrate is well 
understood, its presence may not be essential for the intramolecular reaction. Asymmetric 
conjugate addition of amines to α,β-unsaturated esters will permit the expansion of the 
scope to a functional group more pervasive in synthetic chemistry. In this chapter, the 
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attempted synthesis and cyclisation of substrates containing these structural motifs are 
described.   
 
4.2 Synthesis of Indoline and 1,2,3,4-Tetrahydroquinoline Precursors.  
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PG
n
H
O
X
209
211212  
Scheme 110: Retrosynthetic analysis of indoline and 1,2,3,4-tetrahydroquinoline 
precursors. 
 
The difficulty of generating chemoselectively an aliphatic primary amine in the 
presence of a sensitive functionality such as the α,β-unsaturated carbonyl compounds led us 
to consider aromatic amines. A retrosynthetic disconnection at the indicated carbon-carbon 
double bond of 206 was chosen (Scheme 111). This would deliver the requisite 
functionality to allow the Wittig reaction between 207 and 208. The C–N bond formation in 
207 can be achieved by a Buchwald–Hartwig coupling, which is a versatile method 
providing N,N-diarylamines in a palladium(0)-catalysed process from arylamines and aryl 
halides or triflates.243, 244 Facile deprotection of an arylamine 207 such as anisidine would 
liberate the desired free amine 206. Disassembly of intermediate 209 leads to an aryl halide 
211 and alkenyl alcohols of type 212. A methodology originally developed by Larock and 
co-workers245 allows the arylhalide and terminal double bond to be coupled by palladium 
catalysis to afford the corresponding aldehyde 209 upon double bond migration. This 
strategy would permit extension of the alkyl chain by employing the appropriate 
unsaturated alcohol ultimately allowing access to 5-, 6- and 7-membered rings.  The 1,3-
dicarbonyl moiety of 206 can be prepared in the same manner for the intermolecular 
reagents, following a protocol developed by Jacobsen and Goodman.246 The Wittig 
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fragment 208 may simply be disconnected to its constituent phosphine and alky halide. 
Finally, 210 may be derived from a nucleophillic substitution at the carbonyl group of an 
acetyl chloride with benzamide.  
 
4.2.1 Tandem Heck-Isomerisation Reaction.  
 
First, the aldehyde precursor was prepared by a tandem Heck-isomerisation 
reaction. The route to this precursor would involve two complementary Pd-catalysed 
coupling reactions. 2-Bromoiodobenzene is a suitable reactant for this task, allowing 
chemoselective coupling between the differential reactivity of the C-I bond over the C-Br 
bond with the unsaturated alcohol. The domino Heck reaction between aryl halides and 
homoallylic alcohols was first investigated by Larock,245 and is thought to generate an 
initial Heck adduct 213a, which undergoes facile Pd-catalysed double bond migration to 
afford enol 213b, which is thought to tautomerise to the aldehyde 214 (Scheme 111). 
X
OH Pd(0)
OH
Pd
OH
H
O
213a
213b
214
 
Scheme 111: Pd-catalysed coupling between allylalcohol and aryl halide with double bond 
migration and tautomerisation. 
 
To avoid any potential polymerisation of the product aldehyde, mild conditions 
reported by Gibson et al. for a similar process were adopted. 247 Commercially available 
reagents 2-propene-1-ol and 2-bromoiodobenzene were reacted in the presence of 2 mol% 
Pd(OAc)2, Bu4NCl and NaHCO3 in DMF at 40 oC for 24 hours (Scheme 112). The product 
aldehyde 215 was obtained in an excellent yield of 97% as a pale yellow oil after 
purification by column chromatography.  
I
OH H
O
215
BrBr              Pd(OAc)2 (2 mol%)
Bu4NCl (1equiv), NaHCO3 (2.5 equiv)
DMF, 40 oC, 24 h
97% Yield  
Scheme 112: Pd-catalysed domino Heck reaction between 2-bromoiodobenzene and 
allylalcohol. 
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The aldehyde moiety was easily identified by the presence of a characteristic low 
field resonance signal at 9.80 ppm in the 1H NMR spectrum and a carbonyl stretch in the IR 
spectrum at 1722 cm-1.  Additionally, the 1H NMR of the purified aldehyde also contained a 
doublet resonance at 1.30 ppm, which corresponds to the methyl group in the branched-aryl 
substituted isomer (Figure 21). The minor regioisomer was present as ~2% of the total yield 
(determined by integration of the NMR spectrum) and was inseparable from the major 
linear-substituted isomer. Consequently, both isomers were carried through to the next step. 
H
O
Br Br
H
O
linear-substituted regioisomer branched-substituted regioisomer  
Figure 21: Regioisomers isolated from the domino Heck reaction. 
 
As the aldehyde 215 is susceptible to oxidation, it was used immediately in the 
following reaction. Before attempting the Buchwald-Hartwig amination reaction between 
p-anisidine and the aryl bromide, 215 was protected as an acetal to prevent unwanted imine 
formation. The reaction of 215 with ethylene glycol would afford the desired 1,3-dioxalane. 
The acetals are stable in the presence of strong nucleophiles, strong bases, mildly acidic 
conditions (pH >4 at 25 oC) and most reducing or oxidising reagents. A standard procedure 
for the protection was employed using toluenesulfonic acid as catalyst in refluxing toluene 
(Scheme 113). The continuous removal of water azeotropically from the reaction mixture 
was achieved using Dean-Stark conditions. The acetal 216 was successfully synthesised in 
excellent yield, which was readily identified by the disappearance of the distinctive C=O 
absorption peak at 1722 cm-1, and the absent aldehyde 1H NMR signal, and concomitant 
appearance of a more upfield CH resonance at 4.80 ppm in the 1H NMR spectrum of the 
product.    
H
O O
Br
H
Br
O
HO(CH2)OH
p-TsOH (10 mol%)
toluene, 18 h,
  Dean-Stark
93 % Yield
215
216
 
Scheme 113: Acetal protection of an aldehyde. 
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4.2.2 The Buchwald-Hartwig Amination Reaction.  
 
 
The Buchwald-Hartwig amination typically employs a catalytic amount of 
Pd(OAc)2 or Pd(dba)2 in conjunction with a phosphine ligand and base (Scheme 114).248, 249  
R
X HNR1R2
N
R2
R1
R
R = Alkyl, CN, COR
X = Cl, Br, I, OTf
Pd(OAc)2 1 mol%
R3P 2 mol%
Base  1.5 equiv
R1, R2 = Alkyl, Aryl
 
Scheme 114: Buchwald-Hartwig cross coupling reaction.  
 
In order to find the most suitable reaction conditions, the prepared acetal 216 was 
subjected to various catalytic conditions including: chelating diphosphines, Buchwald’s 
bulky monophosphines and different bases, as illustrated in the table below (Table 29). 
Initially, mild bases such as K2CO3 and Cs2CO3 were investigated in the presence of 
diphosphine ligand rac-BINAP. Analysis of the crude reaction mixture by TLC indicated 
no consumption of the reactants or formation of any amination products (entries 1 and 2). 
The starting materials were completely recovered by column chromatography. The 
carbonates were subsequentely replaced by a stronger base, sodium tert-butoxide (entry 3). 
The TLC analysis revealed the presence of a new species, which was subsequently isolated 
by chromatography. Its 1H NMR spectrum was identical to that recorded for 216 within the 
alkyl region. However, the multiplicity of the aromatic region (7.0 to 8.0 ppm) differed, and 
these signals integrated for 5 protons, which is indicative of dehalogenation of the aryl 
bromide 218. Dehalogenation was further confirmed by the absence of a C-Br signal at 125 
ppm in the 13C NMR. Dehalogenation can only arise if insertion of palladium between the 
carbon-halide bond (oxidative addition) has taken place. Encouraged by this fact, a bulky 
mono-dentate phosphine (X-Phos) and another chelating diphosphine (DPEphos) was tested 
in the hope of encouraging the reductive elimination step. X-Phos was unable to provide 
any amination product (entry 4), however, DPEphos with Pd(OAc)2 efficiently catalysed 
the coupling reaction, affording 217 in an excellent yield (entry 5). The diaryl amine 217 
was isolated as a blood red, viscous oil, and was clearly identified by the appearance of the 
N-H proton as a broad singlet resonance at 5.87 ppm and the methoxy signal at 3.84 ppm in 
the 1H NMR spectrum. Evidence for the successful amination reaction is further supported 
by the absence of the C-Br signal at 125 ppm, together with the appearance of two new C-N 
signals at 136 and 142 ppm in the 13C NMR spectrum. Finally, the corresponding molecular 
ion (M+ 299) was observed by EI-MS.     
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     Table 29: Screening of Pd(OAc)2 with phosphine ligands and bases for the Buchwald-
Hartwig amination reaction.a 
H
O O
Br
toluene, 100 oC, 24 h
Pd(OAc)2 2 mol%
L 2.5 mol%
Base  1.4 equiv
NH2
OMe
NH
H
O
O
OMe
216
217
H
O O
H
218
 
Entry Ligand Base Yield/%b 
1 
PPh2
PPh2
rac-BINAP  
K2CO3 NR 
2 
Cs2CO3 
 
NR 
3 
NaOBut 
 
NRc 
4 
P(Cy)2
Pri
PriPri
X-Phos  
 
NaOBut 
 
NR 
5 
PPh2
O
PPh2
DPEphos  
NaOBut 
 
95 
a Reaction conditions: 2 mol% Pd(OAc)2, 2.5 mol% ligand, p-anisidine (3.0 mmol), aryl 
bromide (2.0 mmol), toluene (5 mL), 24 h, N2 atmosphere. b Isolated yield after column 
chromatography. c Formation of dehalogenated side product was observed. 
 
Inexplicably, attempts to deprotect the acetal 217 under a variety of conditions 
proved to be difficult (Scheme 115). Initially, 217 was heated in toluene/water (1 : 1 
mixture) using toluenesulfonic acid as catalyst to liberate the original aldehyde. Mindful of 
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the aldehydes tendency to decompose, the reaction temperature was kept under 60 oC, and 
left to stir for 18 hours. The crude reaction mixture was analysed by 1H NMR and found to 
be identical with that of 217 indicating no hydrolysis. To force this reversible reaction in 
favour of aldehyde formation, the solvent was changed to include a sacrificial ketone that 
could consume the ethyl glycol. Using 20 mol% of toluenesulfonic acid as catalyst, 217 
was refluxed in acetone under a nitrogen atmosphere for 18 hours. Analysis of the crude 
reaction mixture by TLC indicated complete consumption of the starting material. A pale 
yellow solid was isolated by column chromatography, but 217 and the expected product 
219 were not detected by 1H NMR spectroscopy. The molecular ions corresponding to 
either 217 or 219 were not observed by CI-MS, but the signals corresponding to 
unidentified higher molecular weight compounds were observed.  
An alternative methodology that avoids the use of a Brønsted acid was also 
investigated. Using catalytic quantities of PdCl2(NCCH3)2 in acetone, the hydrolysis of 
dioxolane acetals and ketals can be conducted at room temperature.250 A solution of 5 
mol% Pd catalyst and 217 was left to stir for 3 days in acetone at room temperature. 
Disappointingly, only starting material was recovered.    
NH
OMe
H
O
NH
OMe
H
O
O
a or b or c
a = TsOH (20 mol%), tolune-water (1:1), 60 oC
b = TsOH (20 mol%), acetone-water (30:1), reflux
c = PdCl2(NCCH3)2 (5 mol%), acetone, rt
0% Yield
217 219
 
Scheme 115: Deprotection of acetal 217. 
 
4.2.3 Synthesis of Tetrahydroquinoline Derivatives.  
 
Having failed to deprotect the acetal group of 217, a modification to the synthetic 
route was devised for the synthesis of the target compound 220 (Scheme 116). To evade the 
aldehyde protection-deprotection steps, a functional group that could be transformed into an 
amino group in the last step was considered. A nitro functional group was chosen, as it 
would easily be reduced to an amino group, and is stable to the domino-Heck and Wittig 
reaction conditions.  
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O
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O
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221 222
225223 224
FGI
 
Scheme 116: Modified retro-synthetic analysis of indoline and 1,2,3,4-tetrahydroquinoline 
precursors.  
 
Once again, the domino-Heck reaction was performed under the same conditions 
described previously, but starting from commercially available 2-iodonitrobenzene and the 
requisite unsaturated alcohol (Scheme 117). The desired aldehyde 226a was obtained in 
good yield, accompanied by formation of the minor regioisomer 226b (~5 % of the total 
product yield as determined 1H NMR integration). The 13C NMR spectrum shows a C=O 
signal at 201 ppm, corresponding to the  aldehyde 226a and the asymmetric N–O stretch 
was recorded at 1519 cm-1 by IR spectroscopy. 
I
OH H
O
226a
NO2NO2
             Pd(OAc)2 (2 mol%)
Bu4NCl (1equiv), NaHCO3 (2.5 equiv)
DMF, 40 oC, 24 h
75% Yield
H
O
NO2226b
5% Yield  
Scheme 117: Pd-catalysed domino-Heck reaction between 2-iodonitrobenzene and 
allylalcohol. 
 
The penultimate step involves the Wittig reaction between the synthesised aldehyde 
226a and the appropriate organic phosphorus compound (e.g., phosphonate ester or 
phosphonium ylide). Adopting a published procedure,246 benzamide and chloroacetyl 
chloride were heated to 110 oC, in the absence of solvent, to produce N-
(chloroacetyl)benzamide 227 as an off-white solid in 72% yield (Scheme 118). The crude 
product was immediately subjected to a Michaelis-Arbuzov reaction by refluxing with 
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triethyl phosphite. The crude product was recrystallised from toluene/hexanes to afford the 
phosphonate imide 228 in 78% yield.  
Cl
Cl
O
Ph Cl N
H
Ph
OO
N
H
Ph
OO
P
OEtO
EtO
(i) (ii)
227 228
NH2
O
 
Scheme 118: Preparation of N-imide: (i) Heat, 110 oC (72%); (ii) P(OEt)3, 80 oC (78%). 
 
The Horner-Wadsworth-Emmons (HWE) reaction between aldehydes or ketones 
with stabilised phosphonium anions leads to olefins with excellent E-selectivity. The 
reaction has several advantages over the use of other phosphorus ylides traditionally 
employed in Wittig reactions. The phosphorus by-product is a water-soluble phosphonate 
ester, which makes it easier to separate from the olefin product than the rather intractable 
phosphine oxide.  
Pleasingly, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) promoted the coupling of 3-
(2-nitrophenyl)-propanal 226a and phosphonate ester 228, to give the N-imide 229 as a 
white solid in a modest yield of 57% exclusively with E-selectivity (Scheme 119). The 
formation of the product was confirmed by 1H NMR, which showed the methylene protons 
as a distinct triplet (ArCH2) and quintet (ArCH2CH2CH=) resonances at 3.16 ppm and 2.76 
ppm respectively. The melting point for this novel compound was recorded at 107-108 oC 
and the corresponding molecular ion (M+ 324) was observed by EI-MS.  
THF, 
0 to 25 oC, 
18 h 57% Yield
NO2
H
O
P
O
EtO
EtO
N
H
O
Ph
O
226a 228
    DBU 
(1.1 equiv) NO2
H
N
O
Ph
O229
 
Scheme 119: HWE reaction of 3-(2-nitrophenyl)-propanal with a phosphonate ester.   
 
Finally, transformation of the nitro group into the required amino functional group 
was attempted using SnCl2.2H2O.251 This reagent works well under a variety of conditions 
and generally provides reliable and clean conversion to the corresponding aniline. 
Furthermore, this procedure is expected to chemoselectively reduce aromatic nitro groups 
in the presence of alkenes.252-254 A solution of the nitro compound 229 and SnCl2.2H2O was 
refluxed in THF/H2O for 1 hour (Scheme 120). Analysis of the reaction mixture by TLC 
indicated complete consumption of the starting material and formation of an unknown 
compound, which was isolated by chromatography as a pale yellow solid. Although not 
completely free of impurities, the 1H NMR was sufficiently intelligible to allow elucidation 
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of the structure. This showed that the reduction was partially successful, but unfortunately, 
the reaction conditions also facilitated the IMAMR to afford 230. This conclusion was 
drawn by observation of the distinctive double doublet at 3.29 ppm (dd, J = 17.6 and 3.2 
Hz) and 3.20 ppm (dd, J = 17.6 and 9.2 Hz) corresponding to the exocyclic diastereotopic 
methylene and their neighbouring methine protons. Assignment of the CH methine 
resonance at 3.89 ppm was also validated by a HMQC correlation experiment. The CI-MS 
of the crude reaction mixture displayed signals corresponding to the mass ions of the 
product ([M +H]+ 295), benzamide ([M +H]+ 122) and other possible decomposition 
products.        
THF-H2O, 
reflux, 
1 h
18% Yield
SnCl2.2H2O
(5 equiv)
NO2
H
N
O
Ph
O229
230
H
N
H
N
O
Ph
O
 
Scheme 120: Tin (II) chloride reduction of an aromatic nitro group to aryl amine. 
 
Similarly, the α,β-unsaturated ester 232 was prepared using an analogous 
methodology (Scheme 121). Once again, the requisite phosphonate ester 231 was easily 
prepared by the Michaelis-Arbuzov reaction (Scheme 121). Following literature 
procedures, ethyl bromoacetate and triethyl phosphite were heated under reflux at 60-80 oC 
for 3 hours and the product was purified by vacuum distillation to yield a transparent oil.255 
Condensation of the phosphonium anion with the aldehyde 226a proceeded smoothly to 
furnish the α,β-unsaturated ester 232 in a good yield and exclusively as the  E-isomer. The 
C=C bond was readily identified by 1H NMR spectroscopy, which showed one of the 
alkene CH protons as a distinctive double triplet resonance at 7.02 ppm (J = 15.6 and 6.8 
Hz). A well-defined carbonyl stretch was observed at 1715 cm-1in the IR spectrum.   
THF, rt, 18 h
    DBU
(1.1 equiv)NO2
226a
70% Yield
OEt
Br
O
(EtO)3P
O
P
EtO
EtO OEt
O
80 oC, 3h 231
H
O
O
P
EtO
EtO OEt
O
231
NO2
OEt
O
232
quantitative
 
Scheme 121: Synthesis of triethylphosphonoacetate 231 and 5-(2-nitrophenyl)-2-
pentenoate 232. 
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The reduction of 232 was subsequently attempted using the tin (II) chloride 
(Scheme 122). This procedure circumvents the palladium-catalysed IMAMR by furnishing 
the nitrogen heterocycle 233 instead of the expected compound 234. The product was 
obtained in a good yield as a yellow oil after purification by chromatography and was fully 
characterised by NMR spectroscopy, all 1H and 13C signals were assigned and in agreement 
with the literature data.256   
THF-H2O, 
reflux,  2 h
85% YieldSnCl2.2H2O
(5 equiv)
NO2
OEt
O232 NH2
OEt
O
233
H
N OEt
O
0% Yield
OR
234
 
Scheme 122: Attempted reduction of a nitro group to a primary amine by SnCl2.2H2O. 
 
At this stage, it is unclear whether the cyclisations of 229 and 232 are induced by 
the Lewis acidic SnCl2.2H2O or the result of an un-catalysed conjugate addition between 
the amine and the conjugated alkene. Alternative reducing agents for nitro groups that are 
compatible with alkenes were investigated. Sodium hydrosulfite (or sodium dithionite, 
Na2S2O4) has been reported to reduce aromatic nitro and diazonium compounds to anilines 
under neutral conditions.257 The main drawback to this reagent is its decomposition at 
temperatures exceeding 50 oC.  A solution of 232 and sodium hydrosulfite (3 equivs) were 
heated at 50 oC for 3 hours in acetone-water. TLC suggested no consumption of 232 and the 
1H NMR of the reaction mixture was identical to that of the starting material.  
Despite the failure to synthesise the target acyclic molecule 234, we were intrigued 
by our inadvertent ring closure. The tandem reduction-aza-Michael reaction was 
accomplished using SnCl2.2H2O and although only the racemic synthesis of a 1,2,3,4-
tetrahydroquinoline molecule was achieved, the substituted N-heterocycle was successfully 
prepared in four high-yielding steps. Application of this procedure for the synthesis of a 
substituted indoline was subsequently investigated. 
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4.3 Synthesis of Indoline and Indole Derivatives  
 
For the synthesis of the precursor leading to indoline, a different synthetic route was 
chosen. Following published procedures,258, 259 the required aldehyde for the Wittig reaction 
was synthesised in 2 steps, starting from 2-nitrotoluene and para-formaldehyde (Scheme 
123). The presence of the electron-withdrawing nitro group at the ortho position allows 
generation of a stabilised carbanion, which can undergo a nucleophillic addition to 
formaldehyde to provide the phenethyl alcohol 235 (Scheme 123). Using potassium 
hydroxide as base, 235 was obtained in low yield (6.9 g, 23 % yield). Although the reaction 
is low yielding, the starting materials and reagents are relatively cheap, allowing synthesis 
of the product on a multi-gram scale. Identity of 235 was confirmed by the appearance of 
two separate methylene CH2 resonance at 3.95 ppm and 3.18 ppm, and a broad singlet (2.20 
ppm) corresponding to the OH group (verified by D2O exchange) in the 1H NMR spectrum. 
The corresponding molecular ion (M+ 167) was observed by EI-MS. Finally, the alcohol 
was oxidised using pyridinium chlorochromate to furnish 236 in good yield. The aldehyde 
was identified by its distinctive singlets corresponding to the methylene and aldehyde 
signals resonating at 4.15 ppm and 9.87 ppm respectively. Furthermore, a C=O stretch was 
recorded at 1727 cm-1 in the IR spectrum.  
DMSO,  rt, 5 h
74% Yield
   KOH
(2.5 equiv)
NO2 NO2
23% Yield
235
OH
H H
O
NO2
H
O
236
PCC
DCM, rt, 3h
 
Scheme 123: Synthesis of 2-nitro-benzeneacetaldehyde. 
 
With the aldehyde in hand, the Wittig reaction with triethylphosphonoacetate was 
attempted using DBU as base. Firstly, the base and phosphonate ester were allowed to 
react, before the addition of the aldehyde, which was completely consumed after 3 hours 
(as determined by TLC). However, no Wittig reaction products were isolated from the 
reaction mixture. Although the base was allowed to react with the phosphonate ester before 
the addition of the aldehyde, the acidic benzylic protons had been suspected to have 
undergone base-induced side reactions. To circumvent this problem, the reaction was 
repeated using a prepared phosphonium ylide 237, which would allow the Wittig reaction 
to be conducted under neutral conditions (Scheme 124). Synthesis of the α,β-unsaturated 
ester 238 was successful under these conditions, but gave a mixture of inseparable double-
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bond isomers 238 and 239 with an initial ratio of 4.5 : 1 in favour of 238. The ratio was 
determined by integration of the methylene protons corresponding to each isomer in the 1H 
NMR spectrum. The 1H NMR signals of 238 were identified by comparison with the 
literature values,259 which allowed deductive inference of the signals corresponding to 239. 
A small portion of this substance was left to stand in an inert atmosphere for 5 days at room 
temperature and the sample was re-analysed by 1H NMR and displayed a different 
distribution of isomers, with a ratio of 1 : 2.6 in favour of 239. This suggests that double 
bond isomerisation gives 239 as the thermodynamic isomer.  
77% Total Yield
Intial 238/239 = 4.5:1
5 days 238/239 = 1:2.6
NO2
H
O
236
Ph3P
OEt
O237
NO2
OEt
O
NO2
OEt
O
238
239
DCM, 0 oC, 2h, N2
 
Scheme 124: Wittig reaction. 
 4.3.1 Synthesis of Indole Derivative  
 
In order to confirm unequivocally the existence of the two isomeric products, 
hydrogenation of the isomers to one single compound was attempted. Using Pd/C as 
catalyst with standard hydrogenation apparatus, the mixture was left to stir overnight under 
a hydrogen atmosphere (Scheme 125). The expected saturated aliphatic ester was not 
observed. Instead, a substituted indole 240 was isolated in good yield. The 1H NMR 
spectrum clearly displayed two singlet resonances at 6.38 ppm (CH) and 3.86 ppm (CH2) 
with an integration ratio of 1 : 2, indicative of the indole-2-yl structure and in accordance 
with the literature values.260 The corresponding molecular ion (M+ 203) was observed by 
EI-MS.  
NO2
NO2
OEt
O
OEt
O
H
N OEt
O
240, 73% Yield
10% Pd /C, H2
EtOH, rt, 24h
238
239
 
Scheme 125: Pd-catalysed dehydrogenation of an aromatic nitro compound.  
 
141 
 
Evidently, the nitro group was reduced faster than the conjugated alkenes resulting 
in formation of aniline, which could undergo the IMAMR. The formation of indole from 
indoline is favoured by the gain of aromaticity, which may be due to an inadequate supply 
of hydrogen, which allowed the Pd-catalysed dehydrogenation reaction to take place. The 
highly efficient Pd-catalysed aromatisation of indolines 242 was first reported by Bader et 
al. in 1961 (Scheme 126).261    
H
N
H
N
100% Yield
Pd
R R
241 242
 
Scheme 126: Dehydrogenation of indolines to indoles. 
 
The tandem catalytic process involving a reduction, aza-Michael and 
dehydrogenation reactions suggests an interesting avenue for access to substituted indolyl-
2-alkylesters 240. These classes of compounds are common intermediates used for the 
synthesis of biologically active compounds. For example, the 5-HT2C agonists,262 
melatonin receptor ligands263 and a cholesterol acyltransferase inhibitors.264  
NF
H
CH3
NH2
S-isotryptamine
 5-HT2C agonist
N
H
MeO NH
O
Melatonin  
Figure 22: Indonyl compounds.  
 
4.3.2 Synthesis of Quinoline-N-Oxide  
 
 
Davies and co-workers reported the rearrangement of a β,γ-unsaturated compound 
243 to the corresponding α,β-unsaturated 244 with the aid of potassium tert-butoxide under 
protic conditions (Scheme 127).265  
Ph N Ph
RO2C
CO2R
Ph N Ph
RO2C
CO2R
tBuOK
72% Yield
243 244
EtOH
 
Scheme 127: Base-induced rearrangement of a 243 to 244.   
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In the hope of inducing the same rearrangement of 238 to 239, the mixture was 
treated to a catalytic amount of potassium tert-butoxide in ethanol (Scheme 128). After 2 
hours, the TLC analysis indicated the formation of a new compound, which was 
subsequently isolated and analysed by 1H NMR spectroscopy. Unexpectedly, both double 
bond isomers were converted to a quinoline N-oxide 245, which was readily identified by 
the downfield resonances characteristic of the quinoline N-oxide structure.266 The ethyl 
carboxylate substituent displayed a carbonyl resonance in the 13C NMR at 162.4 ppm and 
the identification of 245 was further supported by appearance of the quinoline N-oxide 
(218, [M+H]+), and quinoline (202, [M-16]+) mass ions by MS-CI.      
N
OE
t
OONO2NO2
OEt
O
OEt
O
tBuOK 10 mol%
EtOH, rt, 2h238 239 245
83% Yield
 
Scheme 128: Synthesis of a quinoline N-oxide. 
 
4.3.3 Synthesis of Indoline Derivative  
 
The freshly prepared mixture of 238 and 239 was subjected to the tandem reduction-
aza-Michael reaction using SnCl2.2H2O as the reducing agent (Scheme 129). Perhaps 
unsurprisingly, the substituted indoline 246 was obtained in good yield. 1H and 13C NMR 
spectra correspond with literature data.256 A small amount of a white solid was also isolated 
from the reaction mixture, which was found to be 2-methylindole. The 1H NMR displays 
two clear singlet resonance at 2.48 ppm (CH3) and 6.26 ppm (CH), integrating in a 3 : 1 
ratio, corresponding to the methyl and methine protons.267  
ratio 238/239 = 4.5:1
NO2
OEt
O
NO2
OEt
O
238
239
H
N
H
NOEt
O
or
246 2-Methylindole
75% Yield 6% Yield
SnCl2.2H2O
  (5 equiv)
THF-H2O, reflux, 6h
 
Scheme 129: Synthesis of a substituted indoline and 2-methylindole by the tandem 
reduction-aza-Michael reaction.  
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4.4  Attempted 7-Membered Ring Formation.  
 
 
Spontaneous cyclisation of the indoline and 1,2,3,4-tetrahydroquinoline precursors 
denied us the opportunity to apply the asymmetric catalyst to the IMAMR. To circumvent 
this problem, a precursor less inclined to undergo unaided cyclisation was considered. The 
formation of a 7-membered ring will theoretically be less favourable than formation of 5 
and 6-membered rings.268  
The synthesis of the precursor leading to the 2,3,4,5-tetrahydro-benzoazepine structure was 
then investigated. 
 
A synthetic route akin to the synthesis of 1,2,3,4-tetrahydroquinoline compounds 
was adopted (Scheme 130). The Pd-catalysed domino-Heck reaction was used to couple 3-
butene-1-ol with 2-iodonitrobenzene. The reaction proceeded smoothly to furnish the 
corresponding aldehyde 247a in excellent yield and with only a small amount of side-
product 247b (determined by integration of the 1H NMR). The methylene units manifested 
themselves as distinct signals with splitting patterns of triplet, quartet and quintet 
resonances between 2.0 and 3.0 ppm in the 1H NMR spectrum. The aldehyde C=O 
resonance signal was also observed in the 13C NMR at 201.8 ppm. The aldehyde 247a and 
triethylphosphonoacetate were subjected to the HWE reaction using DBU as base, to yield 
the desired α,β-unsaturated ester 248 with exclusive E-selectivity. The purity of this novel 
compound was also verified by elemental analysis. Gratifyingly, the reduction of the nitro 
group using SnCl2.2H2O afforded exclusively the desired uncyclised amino compound 249 
in modest yield. The characteristic broad singlet arising from the new NH2 signal was easily 
identifiable by 1H NMR. Furthermore, the C-NO2 (149.2 ppm) signal vanished from the 13C 
NMR and the appearance of the C-NH2 (144.1 ppm) signal appeared further upfield.               
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I 247a
NO2
NO2
             Pd(OAc)2 (2 mol%)
              Bu4NCl (1equiv), 
            NaHCO3 (2.5 equiv)
DMF, 40 oC, 24 h 75% Yield
NO2
247b
4% Yield
OH H
O
H
O
THF, rt, 18 h
    DBU
(1.1 equiv)NO2
247a 83% Yield
O
P
EtO
EtO OEt
O NO2
248H
O
OEt
O
NO2
OEt
O NH2
OEt
O
SnCl2.2H2O
  (5 equiv)
THF-H2O, reflux, 2h
248
249
73% Yield
 
Scheme 130: Synthesis of 2,3,4,5-tetrahydro-benzoazepine precursor. 
 
The intramolecular cyclisation was attempted using 5 mol% of 
[(BINAP)Pd(solv)2][OTf]2 catalyst. This failed to induce any cyclisation of the substrate 
276 (Scheme 131). The reaction was subsequently conducted at various temperatures, in 
polar and non-polar solvents, but all tested conditions failed to yield any cyclised product 
250. 
NH2
O
OEt HN
O
OEt
5 mol% [(BINAP)Pd(H2O)2][OTf]2
                 r.t-110oC,
      THF or ethanol or toluene 0% Yield
249
250  
Scheme 131: Pd-catalysed IMAMR. 
 
For this negative result, it was eventually conceded that ring formation of the 7-
membered ring was probably not achievable via the Pd-catalysed IMAMR. The main 
impediment may not be formation of a relatively unfavourable 7-membered ring, but 
possibly a consequence of inadequate activation of the substrate by the catalyst. At this 
stage, it is not possible to discern the critical factor preventing cyclisation of the 249.  
 
In summary, the indoline and 1,2,3,4-tetrahydroquinoline precursors cyclised 
spontaneously, thus denying an opportunity to achieve asymmetric IMAMR. Given that 
aza-Michael reactions are potentially reversible, substrates that do not form benzofused 
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ring systems, may possibly be less inclined to undergo unaided cyclisation. This is 
rationalised by the fact that nitrogen heterocycles fused to benzene rings have significantly 
smaller enthalpy of formations than saturated nitrogen heterocycles. For example, 
piperidine (∆fHø = 187.7 kJ mol-1)269 can lose more energy by reacting to form lower 
energy products than 1,2,3,4-tetrahydroquinoline (∆fHø = 16.69 kJ mol-1).270 Intent on 
examining the Pd-catalysed IMAMR of an aromatic amine to an α,β-unsatuarted 1,3-
dicarbonyl system 251, the precursor leading to pyrrolidine and piperidine products 252 
was considered (Scheme 132). Although secondary amines are more nucleophilic than 
primary amines,271 it was postulated that without the driving force of forming a benzofused 
ring system, the substrate may not undergo unaided cyclisation. 
N
H
H
N
O
Ph
O
n
N
H
N
O
Ph
On
n = 1, Pyrrolidine
n = 2, Piperidine251
252  
Scheme 132: Pyrrolidine and piperidine precursors. 
The next section details the attempted synthesis and cyclisation of pyrrolidine and 
piperidine precursors. 
 
4.5 Synthesis of Tetrahydropyran Derivative. 
 
The first objective was to synthesis the precursor bearing the 1,3-dicarbonyl moiety 
(Figure 23). 
N
H
H
N
O
Ph
O
n
n = 1 or 2  
Figure 23: Target molecule. 
 
Synthesis of the target molecule started from a lactol, derived from the acid 
catalysed hydrolysis of a cyclic enol-ether.272 The product tetrahydro-pyran-2-ol exists in a 
tautomeric equilibrium with 5-hydroxy-pentanal (Scheme 133).  
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O O OH OH O
Tetrahydropyran-2-ol 5-Hydroxy-pentanal3,4-dihydro-pyran
H+, H2O
rt, 1 h, 94% Yield
 
Scheme 133: Synthesis of pyran-2-ol and tautomeric equilibrium between lactol and 
hydroxyaldehyde. 
 
The HWE reaction was attempted with compound 253 and the phosphonate ester 
228, using DBU as base at room temperature for 18 hours (Scheme 134). After this time, 
228 was completely consumed (as determined by TLC), and a white solid was isolated by 
chromatography. This compound was unequivocally identified as the product of an 
intramolecular oxa-Michael addition reaction 254. The tetrahydropyran product was 
confirmed by the observation of two double doublets resonances at 2.93 ppm (J 8.4, 16.0 
Hz) and 1.93 ppm (J 3.2, 16.0 Hz) in the 1H NMR spectrum. These signals correspond to 
the methylene CH2 protons and are indicative of the newly formed C-O bond. Two C=O 
signals were observed in the 13C NMR resonating at 171.0 ppm and 164.8 ppm and the 
corresponding molecular ion (M+ 247) was observed by EI-MS.  
O OH
253
THF, 0 to 25 oC, 18 h
3% Yield
P
O
EtO
EtO
N
H
O
Ph
O
228
    DBU 
(1.1 equiv)
H
N
O
Ph
O
254
O
 
Scheme 134: HWE reaction. 
 
The oxa-Michael addition product 254 may be forming because of the presence of a 
base. To avoid any unwanted side reactions induced by DBU, the phosphonium ylide 256 
was prepared. Starting from N-(chloroacetyl)benzamide, triphenyl phosphine was used to 
generate a phosphonium salt 255 which was deprotonated by triethylamine to furnish the 
desired phosphonium ylide 256 in excellent yield (Scheme 135).273   
Ph3P
N
H
O
Ph
O
N
H
O
Ph
O
Cl Ph3P N
H
O
Ph
O
Cl
PPh3
toluene,
60 oC, 18h
Et3N
CH3CN, 
rt, 1h
90% Yield
255 256
96% Yield
 
Scheme 135: Synthesis of phosphonium ylide 256. 
  
A preliminary Wittig reaction between phosphonium ylide 256 and lactol 253 at 
room temperature in DCM was attempted, but no reaction was observed and both starting 
materials were recovered. However, refluxing in toluene for 18 hours was sufficient to 
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encourage formation of the Wittig product (Scheme 136). Under these conditions, the 
hydroxy α,β-unsaturated N-imide substrate product underwent the oxa-Michael addition 
reaction, affording exclusively the tetrahydropyran 254 product with recovery of the 
unreacted lactol.  
O OH
toluene, 
reflux,  18 h
23% Yield
Ph3P
N
H
O
Ph
O
256
H
N
O
Ph
O
254
O
253  
Scheme 136: Tandem Wittig-oxa-Michael addition reaction.  
 
4.6 Synthesis of a Piperidine Derivative    
 
 
The first step towards the synthesis of the amino α,β-unsaturated ester substrates 
began with the Wittig reaction between the 5 or 6 membered lactol and requisite 
phosphonium ylide 237 (Scheme 137). Synthesis of 257a proceeded smoothly to afford the 
hydroxy α,β-unsaturated ester in good yield. In contrast, the formation of 257b required 
more forcing conditions and a longer reaction time to obtain the Wittig product in good 
yield. Both products 257a and 257b were formed with predominately E-selectivity (> 96%) 
as determined by 1H NMR spectroscopy: denoted by the presence of two signals exhibiting 
a splitting pattern of double triplets at 6.95 ppm (J 7.2 and 15.6 Hz) and 5.85 ppm (J 1.6 
and 15.6 Hz) . All 1H and 13C signals were unambiguously assigned and correlated well 
with literature values.274, 275 Interestingly, formation of the hydroxy α,β-unsaturated esters 
was not accompanied by any oxa-Michael addition products. Primary alcohols 257a-b were 
converted to the corresponding aldehydes 258a-b by PCC oxidation in good yields. The 
success of the oxidation was confirmed by observation of the singlet resonances (9.78 to 
9.79 ppm) in the 1H NMR spectrum corresponding to the aldehyde hydrogen. Products 
258a-b were used immediately in the next step. 
O OH
Ph3P
OEt
O
237
n = 1 or 2
n
HO
O
OEt
O
O
OEt
(257b) n = 2, (i) DCM, 0 oC, 3h 80% Yield
(257a) n = 1, (ii) toluene, reflux, 18h, 74% Yield
i or ii
257 258
iii
         (iii) PCC, DCM, 3h
      (258a) n = 1, 74% Yield
      (258b) n = 2, 80% Yield
n n
 
Scheme 137: Synthesis of intermediates towards the synthesis of pyrrolidine and piperidine 
structures.  
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In order to prepare the target molecule, a reductive amination reaction between the 
synthesised aldehyde 258b and aniline was attempted (Scheme 138). Using NaCNBH3 as 
reducing agent, the imine formed between aniline and aldehyde 258b was reduced to the 
desired secondary amine 259 with accompanying IMAMR product 260. Products 259 and 
260 were obtained in low yields after separation by chromatography and fully characterised 
by FT-IR, , 1H and 13C NMR spectroscopy and mass spectrometry. Compound 259 was 
identified by the absence of the aldehyde signal (9.78 ppm) and appearance of a broad 
singlet corresponding to the amino group (3.63 ppm) in the 1H NMR spectrum. The 
formation of 260 was attributed to a Brønsted acid-catalysed cyclisation during the acidic 
work up with aqueous HCl.     
O
O
OEtPh NH2
N
H
O
OEt
Ph
NaCNBH3
MeOH, 
reflux, 18h N
Ph
OEt
O
258b
8 % Yield
18% Yield259
260  
Scheme 138: Reductive amination reaction. 
 
4.6.1 Investigation of  Pd-Catalysed Intramolecular aza-Michael Reaction      
 
In 2003 Hii et al. reported the first conjugate addition of an aromatic amine to an 
α,β-unsaturated ester catalysed by a dicationic diphosphine palladium(II) complex (Scheme 
139).276 Although the optical purity of the product was low, higher enantioselectivity may 
be accessible for the intramolecular aza-Michael addition.       
O
OMe
*
ONH
OMe
NH2
+
99%yield, 23% ee
toluene, 100 oC,  18h
 [(BINAP)Pd(OH2)(NCMe)] [OTf]2
                           2 mol%
 
Scheme 139: Pd-catalysed addition of aniline to methylacrylate. 
 
Using similar reaction conditions, a preliminary examination of 
[(BINAP)Pd(solv)2][OTf]2 catalyst for the IMAMR of substrate 259 was conducted at 25 
oC to 100 oC (Scheme 140). Consumption of the staring material was not indicated by TLC 
and the substrate was completely recovered. As methanol is a more polar solvent than 
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toluene and better aids charge separation, the cyclisation was initially examined at room 
temperature and finally in refluxing methanol. Inexplicably, no aza-Michael addition 
product 260 was observed under these reaction conditions. Due to time constraints and 
availability of substrate 259, more forcing conditions and higher catalytic loadings were not 
examined. Curiously, the cyclisation of 259 seems to be facilitated by a Brønsted acid 
(Scheme 138) but not by a strong Lewis acid such as [(BINAP)Pd(solv)2][OTf]2. Further 
investigations are required to ascertain the inhibiting factor preventing the Pd-catalysed 
cyclisation of 259.      
 [(BINAP)Pd(solv)2] [OTf]2
                   2 mol%NH
OEt
O
N
EtO
O
(i) or (ii) or (iii) or (iv)
(i): toluene, rt, 18h = NR, (ii): toluene, reflux, 18h = NR
(iii): MeOH, rt, 18h = NR, (iv): MeOH, reflux, 18h = NR
259
260
 
Scheme 140: Attempted Pd-catalysed IMAMR of an arylamino-α,β-unsaturated ester. 
 
4.7 Attempted Synthesis of Tricyclic-Heterocycles 
 
During the synthesis of substrate 259, an analogous compound 261 was prepared 
with the aspiration of synthesising tricyclic-heterocycles from the product of the Pd-
catalysed IMAMR (Scheme 141). Our intention was to form the tricyclic molecule 263 
from 262 by intramolecular Pd-catalysed α-arylation between an aryl bromide and the 
enolisable ester. 
N
H N
EtO
OX
X
N
OEt
O
261
262 263
n
OEt
O
n = 1 or 2 n n  
Scheme 141: Synthesis of tricyclic-heterocycles. 
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4.7.1 Background 
 
Benzannulated-pyrrolizidine (264a) and their derivatives are found in the core 
structures of potent antitumor and antibiotic compounds such as Mitomycin (Figure 24).277-
279 In contrast, Benzannulated-indolizidine (264b) structures have not been isolated in 
naturally occurring compounds and yet to be utilised in any biologically active compounds.   
N
R
264
R = OCH3, Mitomycin-A
R = NH2, Mitomycin C
N
O
O
H3C
R
NH
OCH3
OCONH2
n = (a) 1 or (b) 2
n
 
Figure 24: Benzannulated pyrrolizidine (264a), benzannulated indolizidine (264b) and 
Mitomycin structures. 
 
Different approaches to synthesising structures akin to 264a-b have been 
investigated (Scheme 142). For the benzannulated indolizidine compound 264b, a 
condensation procedure between an ester and ketone 265 employing SmI2 as a Lewis acid 
with highly carcinogenic HMPA was used to form the single diastereomers of 266b in good 
yield. 280 In the same publication, this procedure was used to synthesis the benzannulated 
pyrrolizidine derivative 266a. An alternative pathway to the benzannulated pyrrolizidine 
structure involved an intramolecular Pd-catalysed aryl amination between pyrrolidine 
nitrogen and an aryl triflate 267.279 This methodology provided the desired tricyclic 
molecule 268 in modest yields and excellent de. Finally, structure 272 has been prepared 
from indole via a Katritzky metalation followed by intramolecular cyclisation and reduction 
of the pyrrolo vinyl group 271.281  
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N
CO2Me
O
              SmI2
HMPA-THF, phenol, rt N
H OH
H CO2Me
(a) n = 0: 73% Yield
(b) n = 1: 83% Yield
265
266
N
HH
OTf
RO
N
H
H OR
Pd(OAc)2, BINAP, Cs2CO3
toluene, 100 oC, 18h 44% Yield
267
268
n
n
N
H
N N N
H
(i) n-BuLi, CO2 (ii) n-BuLi, DMF, 
(iii) H2C=CH-PPh3+Br-,  NaH
(iv) (v)
89% 96%
(iv) Pd/C, H2 (v) NaCNBH3, 
      TFA
92%
(i to iii)
269 270 271 272
 
Scheme 142: Synthesis of tricyclic-heterocycles. 
 
4.7.2 Synthesis of a Pyrrolidine Derivative    
 
 
The 2-bromo-substituted aryl amino compound 273 was prepared by reductive 
amination of 258 with 2-bromoaniline (Scheme 143). The expected product of the reductive 
amination reaction was obtained in good yield, and their structures were confirmed by the 
absent aldehyde resonance (9.78 ppm) in the 1H NMR spectrum, and appearance of the C-
Br resonance (109.7 ppm) in the 13C NMR spectrum.   
O
O
OEt
258
n
N
H
NaCNBH3
MeOH, 
reflux, 18h 273
273a: 59% Yield
273b: 68% Yield
Br
NH2
Br
n
(a) n = 1 (b) n = 2
OEt
O
 
Scheme 143: Reductive amination reaction. 
 
Disappointed by the inability of the [(BINAP)Pd(solv)2][OTf]2 complex to catalyse 
the IMAMR of 259, a study was conducted to establish if these substrates cyclised under 
other acidic or basic conditions (Scheme 144). Initially, substrate 273a was refluxed in 
ethanol and hydrochloric acid for 20 hours. Only the starting material was recovered and no 
IMAMR products 274 were observed. A catalytic amount of potassium tert-butoxide was 
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also unsuccessful in producing the cyclised product. Furthermore, in addition to recovering 
most of the unreacted starting material, a compound 275 corresponding to a oxa-Michael 
addition of ethanol to 273a, was isolated by chromatography. The compound exhibits a 
distinctive CH methine resonance in the 1H NMR at 3.83 ppm (quintet, J 6.4 Hz), shifted 
downfield by the neighbouring oxygen atom. The corresponding molecular ion (M+ 358) 
was observed by EI-MS and the purity was further verified by elemental analysis. The 
cyclisation with potassium tert-butoxide was repeated in THF as solvent to avoid formation 
of unwanted oxa-Michael addition products, but also ended in failure.   
Br
N
H
OEt
O
N
Br
EtO
O
Br
N
H
OEt
OOEt
Br
N
H
OEt
O
cat
EtOH, reflux, 20h
0% Yield
tBuOK (5 mol%)
EtOH, reflux, 22h
12% Yield
cat = HCl (1equiv), TfOH (1 equiv), [(BINAP)Pd(solv)2][OTf]2 (5 mol%)
273a
274
273a
275
 
Scheme 144: Examination of acid and base-induced IMAMR. 
 
Strong bases such as LiOBut, LiHMDS and NaH were examined next (Table 30). 
Gratifyingly, formation of the corresponding IMAMR product can be observed under these 
conditions in modest to good yields (entries 1-5). Interestingly, for the reaction facilitated 
by NaH, the conversion was never greater than 50% (entries 1-3). Different work up 
procedures were adopted, including quenching with NaHCO3, NH4Cl, and HCl, but 
conversions were found to be independent of the proton source. Although tBuOLi was the 
weakest base examined (entry 5), it outperformed NaH significantly and was comparable to 
LiHMDS (entry 4). However, LiHMDS could be employed at lower reaction temperatures 
to convert 273a cleanly to 274. The 1H NMR signals in the aromatic region (6.0 to 8.0 
ppm) were typical of an ortho-disubstituted aryl group. The pendent ester was confirmed by 
the presence of carbonyl resonance in the 13C NMR at 172.5ppm. Finally, the methine CH 
resonance, which is shifted upfield by the neighbouring nitrogen was assigned by a HMQC-
dept135 correlation experiment.      
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  Table 30: Screening of bases for the IMAMR.a 
Br
N
H
OEt
O
N
Br
EtO
O
Base
THF, 1-4h273a
274  
Entry 
Base             
(quenching agent) 
Equivalents 
~pKa (of 
conj.acid)/ 
Temp/ 
oC 
Conversion 
(Yield)/%b 
1 NaH (NaHCO3(aq)) 1.3 37 70 50 (38) 
2 NaH (NH4Cl(aq)) 1.3 37 70 50 (31) 
3 NaH (0.1 M HCl) 1.3 37 70 50 (36) 
4 LiHMDS (NH4Cl(aq)) 10 30 -10 100 (78) 
5 
tBuOLi (NH4Cl(aq)) 10 19 70 100 (81) 
a Reaction conditions: NaH (1.3 equiv) or LIHMDS (10 equiv) or tBuOLi (10 equiv), 
substrate 273a (0.3 mmol), THF (3 mL), 1-4 h, N2 atmosphere. b Conversions were 
determined by integration of the 1H NMR. Values in parenthesis correspond to isolated 
yields after column chromatography.  
 
4.7.3 Investigation of Pd-Catalysed Intramolecular α-Arylation Reaction. 
 
In order to form the target tricyclic heterocycle 263, the last step involves a coupling 
reaction between the aryl bromide and methylene α to the carbonyl ester. In 2001, 
Buchwald and Moradi disclosed the intermolecular α-arylation of esters using a Pd-
catalyst.282 Employing 3 mol% of Pd(OAc)2 or Pd(dba)2 precursor with electron-rich 
biphenyl phosphines and LiHMDS as base, a variety of benzyl and alkyl esters were 
efficiently monoarylated with substituted arylbromides (Scheme 145). Using the same 
palladium precursor and ligand, this methodology was also demonstrated for the 
intramolecular α-arylation of α-amino acid esters.283 However, these cyclisations were 
mediated by a weaker base (tBuOLi). 
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O
O
alkylR2R1
Br
Pd(OAc)2 or Pd(dba)2/L
           3 mol%/ 6mol%
PR2
biphenyl phosphine
L =
(i) or (ii)
O
R2
O
Ar
alkyl
R1
Br
N
R3
Oalkyl
OR2
N R2
R3
CO2alkyl
R1
(i) LiHMDS, tolune,1-4h, rt-80 oC
               48-92% Yield
(ii) tBuOLi, dioxane,1-48h, 50-110 oC
               35-99% Yield  
Scheme 145: Pd-catalysed inter and intramolecular α-arylation of esters. 
 
The reaction is believed to proceed via the mechanism shown in the scheme below 
(Scheme 146). Oxidative addition of the Pd(0)Ln with the aryl halide affords the Pd(II) 
organometallic intermediate I. Ligand substitution of the halide by the metal-enolate II 
provides the Pd(II) organometallic intermediate III or IV. Finally, reductive elimination 
from intermediate III or IV provides the aryl ester V and regenerates the Pd(0)Ln catalyst.  
Pd(0) ArX
LPd
X
Ar
OR
R1
O
R2
M-OR4
OR
R1
O
R2
M
OR
L(Ar)Pd
O
R2OR
R1
O
R2
Ln(Ar)Pd
MX
R1
OR
Ar
O
R2R1
I
II
III
IV
V
 
Scheme 146: Proposed mechanism for the Pd-catalysed α-arylation of esters. 
 
Given the disparity between the strength of bases tBuOLi and LiHMDS, a 
deuterium exchange experiment was conducted before attempting the intramolecular α-
arylation reaction (Scheme 147). Under the conditions described for the Pd-catalysed α-
arylation reaction, the ester 274 was cooled to -10 oC and abstraction of the α-proton was 
attempted with either tBuOLi or LiHMDS. After 30 minutes, the reaction was quenched 
with deuterium oxide. Following purification by chromatography, the product 275 was 
analysed by 1H and 13C NMR spectroscopy. The deprotonation using tBuOLi was 
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unsuccessful, as undeuterated starting material was recovered. However, facile 
deprotonation of the α-hydrogen was achieved with LiHMDS. As illustrated in the figure 
below (Figure 25), the integral for double doublet signal (2.21 ppm) corresponding to one 
of the two α-hydrogens has decreased in intensity in the deuterated compound. Moreover, 
the integral for the remaining α-hydrogen is unaltered and the multiplicity simplified to a 
doublet indicating mono-deuteration. By comparison, the 1H NMR spectrum, the integrals 
arising from the deuterated (2.21 ppm) and undeuterated (2.56 ppm) components of the 
mixture, 75% deuteration was determined. Finally, the deuterium exchange was verified by 
the 13C NMR spectrum, in which the methylene CH2 resonance now appeared as a triplet 
and exhibited a C-D coupling constant of 19.7 Hz. These observations also suggest that the 
deuteration of the enolate has occurred stereoselectively.  
N
Br
EtO
O
N
Br
EtO
O2H
1. LiHMDS (3.5 equiv)
THF, -10oC, 30 mins
66% Yield, 75% Deuteration
2. D2O
274 275
 
Scheme 147: Deuterium exchange reaction. 
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Figure 25: Comparison of 1H NMR spectra for compounds 274 and 275. 
 
From the previous experiment, it was concluded that LiHMDS is capable of 
generating the necessary enolate I from 274 (Scheme 147) to undergo the Pd-catalysed 
coupling with the arylbromide. Thus, both Pd(OAc)2 and Pd(dba)2 precursors with a variety 
of monodentate and bidentate phosphines were screened. The findings are summarised in 
the table below (Table 31). Initially, the reactions were conducted at room temperature and 
analysed by TLC for any indication of reactant consumption or product formation. As 
neither was observed under these conditions, the reactions were heated up to 100 oC. For 
entries 1 to 9, TLC analysis displayed only one spot with the same Rf as the substrate. 
Furthermore, 1H NMR analysis of the reaction mixtures only showed the signals 
corresponding to the starting material, which was partially recovered by chromatography. 
However, when toluene was used as a solvent in place of dioxane, formation of multiple 
species were detected by TLC analysis, but due to difficulties in manipulating a small 
amount of material, we were unable to isolate and identify any compound.  
 
ppm (t1)
2.002.50
2.594
2.584
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2.210
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1.
08
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Table 31: Screening of Pd-precursors and biphenyl phosphine for the α-arylation of an 
estera 
N
Br
EtO
O
Pd (3 mol%)/ L (7 mol%)
LiHMDS (2.5 equiv)
dioxane or toluene, rt to100oC, 18h
274
N
OEt
O
276
 
Entry Pd-
Precursor 
Ligand (L) Solvent Recovery/%b 
1 Pd(OAc)2 PPh2
PPh2
rac-BINAP  
Dioxane 27 
2 Pd(dba)2 
Dioxane 
 
57 
3 Pd(OAc)2 
P(Cy)2
NMe2
Dave-Phos  
Dioxane 37 
4 Pd(dba)2 Dioxane 47 
5 Pd(dba)2 P(tBu)2
John Phos  
 
Dioxane  
20 
6 Pd(OAc)2 
PPh2
O
PPh2
Xantphos  
Dioxane 23 
7 Pd(dba)2 Dioxane 27 
8 Pd(OAc)2 
(tBu)3P 
Dioxane 23 
9 Pd(dba)2 Dioxane 47 
10 Pd(OAc)2 Toluene 0 
a Reaction conditions: 3 mol% Pd(OAc)2, 7 mol% ligand, LiHMDS (0.24 mmol), substrate 
274 (0.1 mmol), solvent (2 mL), 24 h, N2 atmosphere. b Recovered starting material after 
column chromatography for reactions conducted at 100 oC.  
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4.8 Conclusions 
 
With the aim of developing the Pd-catalysed IMAMR, substrates were synthesised 
which would give rise to pyrrolidine 274, piperidine 260, indoline 246 and 1,2,3,4-
tetrahydroquinoline structures 233. Cyclisation of primary aromatic amines with α,β-
unsaturated carbonyl compounds leading to indoline and 1,2,3,4-tetrahydroquinoline 
structures proceeded immediately upon their formation. During the synthesis of these 
compounds, a new tandem nitro-reduction, aza-Michael and dehydrogenation reaction 
leading to substituted indoles was discovered. 
 
The intramolecular oxa-Michael addition of a primary aliphatic alcohol to an α,β-
unsaturated N-imide proceeded uncatalysed and formed a tetrhahydropyran structure. This 
unforeseen cyclisation prevented the preparation of the substrate bearing the 1,3-dicarbonyl 
moiety.      
 
The [(BINAP)Pd(solv)2][OTf]2 complex was unable to catalyse the IMAMR of 
secondary aromatic amines to α,β-unsaturated esters. However, the IMAMR was induced 
by base to form pyrrolidine and piperidine heterocycles in good yield. The 
[(BINAP)Pd(solv)2][OTf]2 catalyst has also been applied to the asymmetric addition of 
aromatic amines to vinylarenes.107 Given more time, the synthesis and cyclisation of 
equivalent substrates for the intramolecular asymmetric HA reaction catalysed by 
[(BINAP)Pd(solv)2][OTf]2 would have been investigated (Scheme 148) .   
R
H
N
Ar
R
R H
N
Ar
cat
N
R Ar
N Ar
R1
R
 
Scheme 148: Intramolecular aza-Michael Reaction. 
 
Different Pd precursors with biphenyl phosphines were screened for the 
intramolecular α-arylation of an ester leading to tricylic heterocycles. Unfortunately, no 
tricyclic molecules were synthesised. It would be of further interest to investigate other 
phosphine ligands and different reaction conditions that may induce formation of tricyclic 
molecules from these substrates.   
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5.0 Experimental 
 
 
5.1 General Remarks  
 
All dried solvents were purchased from Sigma-Aldrich and stored under nitrogen 
atmosphere. All other commercial reagents were used as received. Column chromatography 
was performed on flash silica gel (Kieselgel 60, 63-200 µm).  
1H and 13C NMR spectra were acquired using a Bruker DRX 400 MHz instrument 
(1H at 400 MHz, 13C at 100 MHz and 31P at 161 MHz) or a Jeol EX270 instrument (1H at 
270 MHz 13C at 67.5 MHz). The chemical shifts are reported in δ (ppm) referenced to 
residual protons and 13C signals in deuterated chloroform. 31P spectra were referenced to 
H3PO4. The coupling constants (J) are expressed in Hertz (Hz). Full assignment of 
resonance signals was aided by relevant 2D NMR experiments: COSY, NOESY and 
HMQC. 
Infrared spectra were recorded on a Mattson Instrument Satellite FTIR 
spectrometer; the samples were prepared as either a liquid film between NaCl plates, or 
pressed into KBr discs.  
Melting points (uncorrected) were determined using an Electrothermal Gallenhamp 
apparatus and a calibrated thermometer (± 2oC). Boiling points were determined by 
distillation, heating in a Buchi B-580 glass oven under vacuum and measured with a 
calibrated thermometer (± 2oC).  Elemental Analytical Service was provided by London 
Metropolitan University. Mass spectra (MS) were recorded on a Micromass Autospec-Q 
Mass Spectrometer (EI and CI ion sources) and Micromass LCT Premier Mass 
Spectrometer (ESI ion sources).  
Design of Experiment Studies: a 24 factorial experimental design with two replicates 
at centre points was formulated by the Design-Expert® (version 7.0, StatEase, Inc., USA) 
and used for statistical analyses of the data. The reaction yield was determined by a HPLC-
external standard method. The liquid chromatographic system comprised of an Agilent 
1100 (Palo Alto, CA, USA) equipped with a gradient pump, autosampler, mobile phase 
degasser and VWD-UV detector. Operating conditions: Phenomax Luna C-18 50 cm× 2.0 
cm column (3 µm particles), was used with a flow rate of 1.0 mL/min, with UV detection at 
254 nm. Eluent A was 95% (30/70) H2O/Acetonitrile, eluent B was 5% H2O (0.05% TFA 
v/v) isocratic for 10 min. The column was thermostated at 40 ◦C and the injection volume 
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was 1.0 µL. Data acquisition and processing was carried out on Agilent Chemstation 
software. Quantification was performed by comparing the chromatographic peak area for 
the product with that of an external standard with a known concentration, which in this case 
was a pure sample of 164 dissolved in HPLC grade acetonitrile. Standards were prepared in 
duplicate, with concordance to 1.00 ±0.005 percent relative error and used for assaying. 
Repeatability of the chromatographic response, given as percent relative standard deviation 
(%RSD) of mean peak–area ratios, was determined for six replicate injections of the 
standard and found to be < 2% RSD. 
Chiral HPLC analysis was performed on a Gilson HPLC system using Daicel 
Chiralpak OD-H and AD columns (equipped with an autoinjector with a 20 µL loop): 
detection was effected by UV absorption at 254 nm.  
 
5.2 Synthesis of Ruthenium and Rhodium Complexes 
 
5.2.1 Synthesis of Rhodium Complexes. 
 
 Prior to this project, [Rh(COD)2][OTf], [RhCl(COE)2]2 and [RhCl(NBD)]2 had been 
synthesised and characterised by previous members of the Hii research group.   
Cl
Rh
Cl
Rh
Cl
Rh
Cl
Rh Rh
OTf
 
 
 [RhCl(COD)]2149 
Cl
Rh
Cl
Rh
 
A 50-mL, two-necked, round-bottom flask equipped with stir bar was fitted with a 
reflux condenser and connected to a Schlenk line. The flask was charged with rhodium 
trichlloride trihydrate (670 mg, 3.2 mmol) and sodium carbonate decahydrate (730 mg, 6.9 
mmol). Under nitrogen, deoxygentated ethanol-water (15 mL, 5 : 1) and 1,5-cyclooctadiene 
(1 mL, 8.1 mmol) were added and the mixture heated under reflux for 18 hours, during 
which time the product precipitated. The mixture was cooled and immediately filtered and 
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washed with hexanes to afford the title compound (719 mg, 93%). Orange solid. 
Decomposed. > 237 ºC (lit.284 224-320 oC); υmax (KBr disc, cm-1): 1323, 1299, 1228, 1212, 
1171, 1152, 1079, 994, 960, 877, 865, 830, 814, 795, 773.  
 
[Cp*RhCl2]2150 
Cl
Rh
Cl
Rh
Cl
Cl
 
Rhodium trichloride trihydrate (1 g, 4.8 mmol), pentamethylcyclopentadiene (600 
mg, 4.9 mmol), methanol (30 mL) and a magnetic stirring bar were placed in a 50-mL 
round-bottom flask fitted with reflux condenser. A nitrogen bubbler is attached to the top of 
the condenser, the apparatus purged with nitrogen for 5 minutes, and the mixture the 
refluxed gently for 48 hours. The reaction mixture was allowed to cool to room temperature 
and the dark red precipitate was filtered off in air through a glass sinter. The red filtrate was 
reduced in volume to 10 mL using a rotatry evaporator to give more red crystals that were 
combined with the first crop and washed with diethyl ether (3 x 10 mL). Air drying gives 
the title compound (786 mg, 60%). Red solid. Decomposed. > 257 ºC (lit.285 > 260 oC); υmax 
(KBr disc, cm-1): 1323, 1299, 795, 773.  
 
[(acac)Rh(C2H4)2]148 
O
O
Rh
 
Rhodium trichloride trihydrate (1.5 g, 7.2 mmol) was dissolved in distilled water 
(25 mL) by warming in an oil bath. The solution was transferred to a 100 mL-round-bottom 
flask containing stir bar and methanol (25 mL). A steady stream of ethylene was bubbled in 
to the solution and stirred at room temperature. After about one hour the product begins to 
precipitate as a finely divided solid which was left to stir for a further 7 hours. Upon 
completion, the solid was collected, filtered under vacuum on a sintered glass funnel, 
washed with methanol (10 mL) and dried in vacuo at room temperature to yield 
[(C2H4)2RhCl]2 (732 mg, 49%) as a grey solid. A mixture of freshly prepared 
[(C2H4)2RhCl]2 (550 mg, 1.4 mmol)  and 2,4-pentanedione (300 µL, 2.8 mmol) in diethyl 
ether (5 mL) were stirred under nitrogen at -20 oC while a solution of KOH (1 g in 3 mL of 
163 
 
water) was added dropwise during 15 minutes. Stirring under nitrogen was continued for 30 
minutes at -10 oC. Next, diethyl ether (5 mL) was added, and the resulting solution of 
product in ether decanted from the aqueous phase through a filter. The aqueous layer was 
extracted with ether (5 x mL). The combined extracts were filtered in to the product 
solution, and it is cooled to -80 oC. The platelets crystallised and were subsequently 
separated by decanting the solvent and drying under vacuum to the title compound (127 
mg, 35%). Yellow solid. Decomposed. > 141 ºC (lit.148 144-146 oC); υmax (KBr disc, cm-1): 
3416, 3063, 2985, 1575, 1558, 1523, 1425, 1371, 1361, 1277, 1267, 1222 1197, 1029, 936, 
788.  
 
5.2.2 Synthesis of Ruthenium Complexes. 
 
Anhydrous [Cp*RuCl2]n (Strem) and [CpRuCl(PPh3)2] (Strem) were used as 
received. [RuCl2(PPh3)3] was synthesised and characterised by past members from our 
research group. 
 
[(COD)RuCl2]n152 
Cl
Ru
Cl
n  
To a solution ruthenium (III) chloride trihydrate (1.5 g, 7.2 mmol) in degassed 
ethanol (30 mL) was added 1,5-cyclooctadiene (1.5 mL, 12.2 mmol) at room temperature. 
The reaction mixture was stirred under reflux for 24 h, cooled to room temperature, and 
filtered. The solid was washed with ethanol (3 x 10 mL) and dried in vacuo to afford the 
title compound as an insoluble polymer (1.7 g, 81%). Brown solid. υmax (KBr disc, cm-1): 
2948, 2882, 2836, 1435, 1333, 1181, 997, 833, 448.  
 
 
[(COD)Ru(acac)2]154 
Ru
O
O
O
O
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(1,5-cyclooctadiene)ruthenium(II) chloride (0.68 g, 2.4 mmol) was heated to 140 oC 
with acetylacetone (0.75 ml, 7.7 mmol) in DMF (15 ml) in the presence of anhydrous 
sodium carbonate (2 g, excess) until it dissolved to form a deep orange solution (about 5 
min). The mixture was filtered and the sodium salts washed with methanol (20 mL). Water 
was added slowly to the combined filtrate and Washings until the product separated as 
yellow crystals. Recrystallisation from aqueous methanol afforded 
bis(acetylacetonato)(1,5cyclooctadiene) ruthenium (0.26 g, 29%), Yellow crystals. mp. 99-
100 ºC (lit.154 101-102 oC); υmax (KBr disc, cm-1): 3975, 2907, 2446, 1956, 1581, 1513, 
1398, 1268, 1195, 1019, 934, 821, 762, 619, 518.  
 
[(COD)RuCl2(NCCH3)2]152 
Ru
Cl
NCCH3
NCCH3Cl
 
In a 50 mL two necked round-bottom flask equipped with magnetic stir bar and 
reflux condenser was charged polymer [(COD)RuCl2]n (1.4 g, 4.9 mmol) and heated under 
reflux in nitrogen-purged acetonitrile (10 mL) overnight. The solution was filtered hot 
under nitrogen and set aside to cool, first to room temperature and then to -20 oC. The 
resulting golden-yellow plates were separated by filtration to afford the title compound 
(390 mg, 22%). Orange powder. Decomposed. > 170 ºC; υmax (KBr disc, cm-1): 3485, 2966, 
2922, 2857, 2307, 1615, 1421, 1042, 840, 781, 490. 
 
[(COD)RuCl(NCCH3)3][PF6]152 
 
Ru
NCCH3
NCCH3
NCCH3
Cl
PF6
 
In a 50 mL round-bottom flask containing a magnetic stirring bar and fitted with a 
reflux condenser was charged with [(COD)RuCl2(NCCH3)2] (0.58 g, 1.6 mmol) and 
acetonitrile (15 mL). A quantity of NH4PF6 (0.52 g, 3.2 mmol) and acetonitrile (7.5 mL) 
was added. The solution was heated under reflux for 15 minutes, cooled to room 
temperature, and filtered to remove precipitated NH4Cl. The filtrate was concentrated under 
reduced pressure to a volume of ~5 mL. Addition of ethanol (7.5 mL) and diethyl ether (15 
mL), followed by cooling to -20 oC for 2 hours gave the product as a microcrystalline, 
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yellow solid (0.53 g, 65%). Yellow crystals. Decomposed. > 195 ºC; υmax (KBr disc, cm-1): 
3001, 2929, 2860, 2327, 1422, 1337, 1039, 843, 558. 
 
[(COD)Ru(NCCH3)4][PF6]2152 
Ru
NCCH3
NCCH3
NCCH3
NCCH3
PF6 2
 
In a 25 mL round-bottom flask containing a magnetic stirring bar and fitted with a 
reflux condenser was charged with [(COD)RuCl(NCCH3)3][PF6] (0.25 g, 0.49 mmol) and 
acetonitrile (6 mL). A quantity of AgPF6 (0.11 g, 0.44 mmol) and acetonitrile (2 mL) was 
added. The solution was stirred at room temperature for 3 hours and then filtered to remove 
precipitated AgCl. The filtrate was concentrated under reduced pressure to a volume of ~10 
mL, followed by addition of ethanol (4.5 mL) and cooling to -20 oC for 2 hours. The 
product was obtained as a white crystalline solid (0.24 g, 75%). White crystals. 
Decomposed. > 225 ºC; υmax (KBr disc, cm-1): 3011, 2972, 2880, 2348, 1422, 1043, 852, 
557. 
 
[(COD)RuBr2(NCCH3)2]152 
Ru
Br
NCCH3
NCCH3Br
 
In a 150 mL two necked round-bottom flask equipped with magnetic stir bar and 
reflux condenser was charged polymer [(COD)RuCl2]n (2.5 g, 8.9 mmol), lithium bromide 
(2.9 g, 3.8 mmol) and acetontrile (90 mL). The solution was heated under reflux for 16 
hours. The reaction mixture was filtered hot and the residue (unreacted [(COD)RuCl2]n) 
was washed with acetonitrile (10 mL). The combined filtrate and washings were heated 
under reflux for a further 15 minutes. The volume of the reaction mixture was reduced to 
~5 mL under reduced pressure. DCM (25 mL) was added, and the precipitated lithium 
halides were removed by filtration, and washed with portions of DCM (3 x 10 mL). Ethanol 
(10 mL) was added to the combined filtrate and washings, and the resulting solution was 
concentrated under reduced pressure until crystal began to form. The solution was cooled to 
-20 oC for 2 hours to give orange crystals of the title compound (1.75 g, 44%).Orange 
crystals. Decomposed. > 190 ºC; υmax (KBr disc, cm-1): 3485, 2966, 2922, 2857, 2307, 
1615, 1421, 1042, 840, 781, 490. 
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[(COD)Ru(2-methylallyl)2]155  
Ru
 
In a oven dried 100 mL three-necked round-bottom flask equipped with a dropping 
funnel, reflux condenser and a stir bar was charged magnesium turnings (1 g, 41.1 mmol), 
which was activated by vigorous stirring overnight. Anhydrous diethyl ether (15 mL) was 
added and left to stir for 15 minutes. 3-chloro-2-methylpropene (1.95 mL, 19.9 mmol) 
diluted in diethyl ether (5 mL) was placed in a dropping funnel and a few drops added to 
the vigorously stirred magnesium suspension to initiate the reaction. The remainder of the 
3-chloro-2-methylpropene was added drop-wise over 1 hour to the stirred suspension. On 
completion of the addition, the suspension was stirred for another hour. The solution of the 
Grignard reagent was separated from excess magnesium turnings using syringe techniques 
and used immediately in the next step.      
To a suspension of [(COD)RuCl2]n (1.0 g, 3.6 mmol) in anhydrous ether (5 mL of) 
was added a diethyl ether solution of 2-methylallyl magnesium chloride (~16 mmol, 1.1 
M). The mixture was stirred under nitrogen for 20 minutes. The resulting grey suspension 
was then filtered through celite. The filtrate was cooled to -40 °C and hydrolysed with 35 
mL of a mixture of ice-water and extracted with of ether (2 x 50 mL). The organic layers 
were dried over sodium sulphate, filtered and evaporated to dryness. The resulting black 
residue was washed with cold methanol (8 mL) to provide a pale grey solid, which was 
recrystallised in a mixture of petroleum ether (40-60) and methanol to afford the required 
compound (0.145 mg, 65%). Pale grey powder. mp. 79-82 ºC (lit.286 80-85 oC); υmax (KBr 
disc, cm-1): 3005, 2938, 2873, 1477, 1435, 1376, 1317, 1017, 923, 838, 693, 573, 485, 429. 
 
5.3 Synthesis of α,β-unsaturated N-imides 
 
5.3.1 Diethyl-(2-benzoylamino-2-oxo-ethyl)-phosphonate 228246 
1
2
3
4
P
N
H
O OOEtO
EtO
 
Benzamide (12.1 g, 100 mmol) and chloroacetyl chloride (8.20 mL, 103 mmol) 
were added to a 100-mL flask equipped with a magnetic stir bar and condenser, and the 
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mixture was heated to 110 °C under a nitrogen atmosphere. Within 10 minutes, the mixture 
became homogeneous, then gradually became orange and solidified. After 45 min, the 
mixture was cooled and volatile by-products were removed under vacuum. The solid 
residue was triturated with Et2O (30 mL), and the product was collected by filtration to 
yield N-(chloroacetyl)benzamide; yield: (16.5 g, 85%), which was employed in the next 
step without further purification. 
Crude N-(chloroacetyl)benzamide (16.5 g, 83.8 mmol) was placed in a 100-mL 
flask equipped with a stir bar and an air-cooled condenser. P(OEt)3 (32.9 mL, 196 mmol) 
was added, and the mixture was heated to 80 °C under nitrogen until the starting material 
was fully consumed (24 h, as determined by TLC analysis). After the solution was allowed 
to cool to room temperature, hexanes (50 mL) were added to the stirred mixture, and the 
clear top layer was then decanted. This process was repeated (5 x 15 mL hexanes) to 
remove the excess P(OEt)3. The remaining residue was then recrystallized from  3:1 
toluene: hexanes (110 mL) to afford the desired phosphonate imide (14.2 g, 72%).  White 
crystalline solid. mp. 62-63 ºC (lit.246 61-63 oC); Rf = 0.2 (EtOAc); υmax (KBr disc, cm-1): 
3275, 1750, 1601, 1489, 1235, 1044, 707; δH (270 MHz, CDCl3): 10.29 (1H, s, NH), 7.88 
(2H, d, J 7.8, H-2), 7.75 (1H, t, J 7.8, H-4), 7.48 (2H, t, J 7.8, H-3), 4.07 (4H, q, J 7.1, 
OCH2CH3), 3.49 (2H, d, J 21.0, CH2P), 1.19 (6H, t, J 7.1, OCH2CH3); δC (67.5 MHz, 
CDCl3): 165.5 (NC=O), 165.4 (PhC=O), 133.7 (C-1), 132.9 (C-4), 129.4 (C-3) 128.2 (C-2), 
63.5 (OCH2), 37.6 (d, J 129.7, CH2P), 14.2 (OCH2CH3);  m/z  (EI): 300 (M+, 100%), 251 
(80%), 131 (70%), 105 (80%), 77 (60%). 
 
5.3.2 Synthesis of N-(But-2-enoyl)benzamide 118246 
1
2
3
4
N
H
O O
 
A 10-mL round-bottom flask equipped with a magnetic stir bar was charged with 
phosphonate imide (3.1 g, 10.4 mmol). THF (1.0 mL) was added, followed by DBU (1.5 
mL, 10.0 mmol) and acetaldehyde (1.0 mL, 17.8 mmol). A slight initial exotherm 
developed after addition of aldehyde, which was controlled with an external water bath. 
Upon completion of the reaction (as determined by TLC analysis), the reaction mixture was 
diluted with EtOAc (100 mL) and water (50 mL). The layers were separated, and the 
aqueous portion extracted with additional EtOAc (100 mL). The combined organic extracts 
were washed with brine (50 mL), dried over Na2SO4, concentrated under vacuum and the 
material purified by column chromatography to afford the desired N-imide (1.58 g, 81%). 
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White crystalline solid. mp. 88-89 ºC (lit.246  89-91 oC); Rf = 0.7 (Hexanes/EtOAc, 1:1); 
υmax (KBr disc, cm-1): 3234, 1717, 1679, 1634, 1509; δH (270 MHz, CDCl3): 8.76 (1H, s, 
NH), 7.91 (2H, d, J 7.8, H-2), 7.61 (1H, t, J 7.8, H-4), 7.51 (2H, t, J 7.8, H-3), 7.39 (1H, dq, 
J 5.5, 15.3, CH3CH), 7.23(1H, d, J 15.3, CH=CH),  2.00 (3H, d, J 5.5, CH3); δC (67.5 MHz, 
CDCl3): 167.8 (NC=O), 166.3 (PhC=O), 147.6 (CH3CH=), 133.6 (C-1), 133.4 (C-4), 129.3 
(C-3) 128.2 (C-2), 124.6 (CH3CH=CH), 18.9 (CH3);  m/z  (EI): 189 (M+, 15%), 174 (30%), 
122 (25%), 105 (74%), 69 (100%), 51 (28%), 41 (29%). 
 
5.4 General procedure for screening of ruthenium and rhodium complexes for  
addition of amines and amides to olefins 
 
Catalytic reactions were conducted in parallel using a Radley’s 12-placed reaction 
carousel. For a typical catalytic experiment, reaction tubes were loaded with metal 
precursor (0.05 mmol), phosphine ligand (0.07 mmol), silver salt (0.05-0.15 mmol, if used), 
a Teflon-coated stir bar, and fitted with a screw cap. The reaction tubes were placed on the 
reaction carousel and purged under vacuum for 20 minutes and subsequently flushed with 
nitrogen. This process was repeated three times. Anhydrous solvent (0.5 mL) is injected 
into the reaction tube through the rubber septum, and stirred at the specified temperature for 
15 minutes. Olefin (2.0 mmol), amine/amide (1.0 mmol) and triflic acid (10 µL, 0.11 
mmol), if used, were dissolved in anhydrous solvent (200 µL) and introduced into the 
reaction tube through the rubber septum using a syringe needle. The reaction was refluxed 
at the specified temperature for 24 hours. After cooling, the reaction mixture was directly 
adsorbed onto silica gel and purified by flash column chromatography. 
 
4-Phenethyl-Morpholine, 12813 
1
2
3
4
N
O
 
The product was obtained as a pale yellow oil (166 mg, 87%); Rf = 0.5 (100 % acetone); δH 
(400 MHz, CDCl3):  7.13-7.20 (5H, m, Ph), 3.74 (4H, t, J 4.7, H-4), 2.53-2.78 (8H, m, H-1, 
H-2, H-3); δC (100 MHz, CDCl3): 140.1 (Cipso), 128.3 (Cmeta), 128.7 (Cortho), 126.1 (Cpara), 
66.9 (C-4), 60.9 (C-2), 53.7 (C-3), 33.1 (C-1); m/z (EI) 192 (M+, 90%), 100 (100%). 
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5.5 General Procedure for the ruthenium-catalysed addition of methyl 
carbamate to norbornene 
 
Catalytic reactions were conducted in parallel using a Radley’s 12-placed reaction 
carousel. For a typical catalytic experiment, reaction tubes were charged with [Cp*RuCl2]n 
(15.5 mg, 0.05 mmol), bis(diphenylphospino)butane (21.5 mg, 0.05 mmol), AgOTf (77.5 
mg, 0.12 mmol), a Teflon-coated stir bar, and fitted with a screw cap. The reaction tubes 
were placed on the reaction carousel and its atmosphere purged and flushed with nitrogen. 
Anhydrous toluene (0.5 mL) was introduced into the reaction tube through the rubber 
septum via a syringe needle, and the reaction was stirred at 90oC for 1 hour. Norbornene 
(144 mg, 1.5 mmol) and methyl carbamate (75 mg, 1.0 mmol) were dissolved in anhydrous 
toluene (0.5 mL) and introduced into the reaction tube through the rubber septum using a 
syringe needle. The reaction is then refluxed at 90ºC by controlled heating using a 
thermostat for 24 hours. Upon completion, the reaction mixture was diluted with Et2O (35 
mL) and washed with 1M aq. NaHCO3 (20 mL). The layers were separated and the organic 
layer was dried over Na2SO4, concentrated under vacuum and purified by flash column 
chromatography to afford the norbornylcarbamate (92 mg, 54%).  
 
exo-Bicyclo[2.2.1]hept-2-yl-carbamic acid methyl ester, 132b.157 
2
1
3
4
5
6
7
N
H
O
O
 
White crystalline solid. mp. 88-89 ºC (lit.157 89-91 oC); Rf = 0.4 (Hexanes/EtOAc, 4:1); υmax 
(KBr disc, cm-1): 3336, 2953, 2870, 1721, 1698, 1537, 1454, 1366, 1307, 1254, 1191, 1073, 
1009, 780, 656; δH (400 MHz, CDCl3): 4.60 (1H, br s, NH), 3.62 (3H, s, CH3), 3.55 (1H, br 
s, H-1), 2.12-2.25 (2H, m, H-4, H-7), 1.09-1.80 (8H, m, H-2, H-3, H-5, H-6 and H-7); δC 
(100 MHz, CDCl3): 156.3 (C=O), 57.2 (C-1), 42.9 (C-4), 40.2 (C-3), 40.1 (C-2), 35.6 (CH3) 
34.8 (C-7), 28.6 (C-5), 26.7 (C-6);  m/z  (EI): 169 (M+, 40%), 154 (30%), 95 (45%), 94 
(100%), 88 (60%), 79 (41%), 76 (45%), 67 (67%). 
 
5.6 General Procedure for the copper-catalysed addition of O-H and N-H bonds 
to olefins. 
 
Catalytic reactions were conducted in parallel using a Radley’s 12-placed reaction carousel. 
For a typical catalytic experiment, reaction tubes were loaded with the catalyst, a Teflon-
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coated stir bar and fitted with a screw cap. The reaction tubes were purged under vacuum 
for 20 minutes and filled with nitrogen. Copper trifluoromethanesulfonate (18 mg, 0.05 
mmol) and ligand (0.05 mmol, if used) were stirred together in anhydrous 1,4-dioxane (1 
mL) and heated at 75 oC for 15 minutes. Norbornene (144 mg, 1.5 mmol) or vinylarene 
(1.0-2.0 mmol) and the requisite carboxylic acid/alcohol (1.0 mmol) or sulfonamide (1.0-
2.0 mmol) were dissolved in anhydrous 1,4-dioxane (1 mL) and introduced into the reaction 
tube through the rubber septum by syringe. The reaction was then refluxed at the specified 
temperature for 18 h. Upon completion, the reaction mixture was diluted with Et2O (35 mL) 
and washed with 1M aq. NaHCO3 (20 mL). The layers were separated and the organic layer 
was dried over Na2SO4, concentrated under vacuum, and purified by column 
chromatography (3:1 hexanes/EtOAc). With the exception of 134c, all oily products were 
distilled to furnish analytically pure samples. 
The reaction mixtures of the sulfonamide adduct were directly adsorbed onto silica gel and 
purified by flash chromatography (4:1 hexanes/EtOAc). 
 
exo-Bicyclo[2.2.1]heptan-2-yl-4-methoxybenzoate, 134a.163 
O
O
MeO
1
2
3
4
5
6
7
 
The product was obtained as a white crystalline solid (246 mg, 95%). bp. 130 ºC, 1 mmHg; 
mp. 54-56 ºC (lit.163 63-65 oC); Rf = 0.7 (Hexanes/EtOAc, 3:1); υmax (KBr disc, cm-1): 3054, 
2961, 2874, 2305, 1704, 1606, 1511, 1311, 1304, 1168, 1104, 761; δH(400 MHz, CDCl3): 
7.94 (2H, d, J 8.8, Hmeta), 6.86 (2H, d, J 8.8 Hz, Hortho), 4.78 (1H, d, J 6.6, H-1), 3.78 (3H, s, 
OCH3), 2.39 (1H, br d, J 4.0, H-4), 2.27 (1H, br s, H-7), 1.77 (1H, ddd, J 2.0, 7.0, 13, H-
2endo), 1.09-1.64 (7H, m, H-2exo, H-3, H-5, H-6 and H-7); δC (100 MHz, CDCl3): 165.8 
(C=O), 163.1 (Cpara), 131.4 (Cmeta), 123.2 (Cipso), 113.4 (Cortho), 79.9 (C-1), 55.3 (OMe), 
41.5 (C-4), 39.6 (C-2), 35.3 (C-3), 35.1 (C-7), 28.2 (C-5), 24.3 (C-6); m/z (EI) 246 (M+, 
8%), 152 (16%), 136 (11%), 135 (100%), 95 (6%), 77 (6%). 
 
exo-Bicyclo[2.2.1]heptan-2-yl-benzoate, 134b.287 
O
O
1
2
3
4
5
6
7
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The product was obtained as a pale yellow oil (207 mg, 95%). bp. 125 ºC, 1 mmHg (lit.287 
131 ºC, 2 mmHg); Rf = 0.6 (Hexanes/EtOAc, 3:1). υmax (thin film, cm-1): 3054, 2963, 2875, 
2305, 1711, 1603, 1451, 1266, 1176, 1070, 977, 895; δH (400 MHz, CDCl3): 8.01 (2H, dd, 
J 1.0, 7.0, Hortho), 7.49 (1H, m, Hpara), 7.38 (2H, m, Hmeta), 4.84 (1H, d, J 6.5, H-1), 2.42 
(1H, br s, H-4), 2.30 (1H, br s, H-7), 1.77-1.83 (1H, m, H-2), 1.09-1.64 (7H, m, H-2, H-3, 
H-5, H-6 and H-7); δC (100 MHz, CDCl3): 166.0 (C=O), 132.6 (Cpara), 129.4 (Cortho), 130.8 
(Cipso),128.2 (Cmeta), 78.0 (C-1), 41.5 (C-4), 39.6 (C-2), 35.3 (C-3), 35.1 (C-7), 28.2 (C-5), 
24.3 (C-6); m/z (EI): 216 (M+, 2%), 188 (2%), 173 (2%), 139 (4%), 119 (4%), 133 (3%), 
120 (3%), 105(100%), 94 (25%), 77 (25%). 
 
exo-Bicyclo[2.2.1]heptan-2-yl-4-(methanesulfonyl)benzoate, 134c. 
O
O
1
2
3
4
5
6
7
MeO2S  
The product was obtained as a off-white solid (245 mg, 83%). mp 102-104 ºC; Rf = 0.5 
(Hexanes/EtOAc, 3:1). υmax (KBr disc, cm-1): 3054, 2971, 2871, 1713, 1577, 1400, 1375, 
1154, 1110, 976, 752; δH (400 MHz, CDCl3): 8.21 (2H, d, J 8.4, Hmeta), 8.02 (2H, d, J 8.4, 
Hortho), 4.89 (1H, d, J 6.9, H-1), 3.02 (3H, s, SO2Me), 2.39 (1H, br d, J 6.7, H-4), 2.28 (1H, 
br s, H-7), 1.78 (1H, ddd, J 2.0, 6.0, 13, H-2), 1.09-1.64 (7H, m, H-2, H-3, H-5, H-6 and H-
7); δC (100 MHz, CDCl3): 164.2 (C=O), 143.8 (Cpara), 135.3 (Cipso), 130.2 (Cmeta), 127.2 
(Cortho), 78.9 (C-1), 44.0 (SO2Me), 39.8 (C-4), 34.6 (C-3), 35.2 (C-2), 35.1 (C-7), 28.2 (C-
5), 24.3 (C-6); m/z (EI): 294 (M+, 1%), 279 (2%), 215 (7%), 184 (2%), 183 (100%), 
121(28%), 104 (13%), 94 (35%), 66 (56%); Anal. Calcd for C15H18O4S: C, 61.20%: H, 
6.16%. Found: C, 61.29%: H, 6.07%. 
 
exo-Bicyclo[2.2.1]heptan-2-yl-4-chlorobenzoate, 134d. 
O
O
1
2
3
4
5
6
7
Cl  
The product was obtained as a pale yellow oil (242 mg, 95%). bp. 140 ºC, 25 mmHg; Rf = 
0.8 (Hexanes/EtOAc, 3:1); υmax (thin film, cm-1): 3054, 2965, 2875, 2306, 1712, 1594, 
1488, 1401, 1270, 1118, 1015, 675; δH (400 MHz, CDCl3): 7.92 (2H, d, J 8.3, Hortho), 7.36 
(2H, d, J 8.3, Hmeta), 4.82 (1H, d, J 6.6, H-1), 2.41 (1H, br d, J 4.0, H-4), 2.31 (1H, br s, H-
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7), 1.81 (1H, ddd, J 2.0, 8.0, 15, H-2),  1.09-1.61 (7H, m, H-2, H-3, H-5, H-6 and H-7); δC 
(100 MHz, CDCl3): 165.1 (C=O), 138.9 (Cipso), 130.7 (Cortho), 129.2 (Cpara), 128.5. (Cmeta), 
78.3 (C-1), 41.5 (C-4), 40.1 (C-2), 35.3 (C-3), 35.1 (C-7), 28.5 (C-5), 24.3 (C-6); m/z  (EI): 
250 (M+, 2%), 215 (1%), 167 (4%), 154 (3%), 139 (100%), 94 (4%), 66 (20%); Anal. Calcd 
for C14H15O2Cl: C, 67.07%: H, 6.03%. Found: C, 67.17%: H, 5.98%. 
 
exo-Bicyclo[2.2.1]heptan-2-yl-4-methylbenzoate, 134e. 
O
O
1
2
3
4
5
6
7
Me  
The product was obtained as a pale yellow oil (183 mg, 77%). bp. 135 ºC, 25 mmHg; Rf = 
0.8 (Hexanes/EtOAc, 3:1); υmax (thin film, cm-1): 3054, 2961, 2874, 2305, 1707, 1612, 
1439, 1272, 1177, 1111, 1022, 978, 895, 824, 726; δH (400 MHz, CDCl3): 7.92 (2H, d, J 
8.3, Hortho), 7.36 (2H, d, J 8.3, Hmeta), 4.82 (1H, d, J 6.6, H-1), 2.41 (1H, br d, J 4.0, H-4), 
2.39 (3H, s, CH3), 2.31 (1H, br s, H-7), 1.81 (1H, ddd, J 2.0, 8.0, 15, H-2),  1.09-1.61 (7H, 
m, H-2, H-3, H-5, H-6 and H-7); δC (100 MHz, CDCl3): 165.1 (C=O), 143.2 (Cpara), 138.9 
(Cipso), 130.7 (Cortho), 128.5. (Cmeta), 78.3 (C-1), 41.5 (C-4), 40.1 (C-2), 35.3 (C-3), 35.1 (C-
7), 28.5 (C-5), 24.3 (C-6); m/z  (EI): 230 (M+, >1%), 215 (1%), 119 (100%), 95 (70%), 66 
(20%); Anal. Calcd for C15H18O2: C, 78.23%: H, 7.88%. Found: C, 78.19%: H, 7.87%. 
 
exo-Bicyclo[2.2.1]heptan-2-yl-acetate (2-exo-norbornyl acetate), 135a.288 
OH3C
O
1
2
3
4
5
6
7
 
The product was obtained as a transparent oil (128 mg, 84%). bp. 95 ºC, 25 mmHg (lit.288 
91 ºC, 24 mmHg); Rf = 0.8 (Hexanes/EtOAc, 3:1); υmax (thin film, cm-1): 2960, 2873, 2306, 
1723, 1451, 1584, 1451, 1265, 1175, 1089, 1024, 896; δH (400 MHz, CDCl3): 4.58 (1H, d, 
J 7.0, H-1), 2.27 (1H, br s, H-4), 2.18 (1H, br s, H-7), 1.99 (3H, br s, CH3), 1.77 (1H, ddd, J 
2.0, 6.0, 13, H-2), 1.09-1.61 (7H, m, H-2, H-3, H-5, H-6 and H-7); δC (100 MHz, CDCl3): 
170.7 (C=O), 77.7 (C-1), 41.3 (C-4), 35.3 (C-3), 35.1 (C-2), 35.0 (C-7), 28.4 (C-5), 24.8 
(C-6), 21.4 (CH3);  m/z  (EI): 154 (M+, 1%), 111 (22%), 95 (89%), 66 (55%), 43 (100%). 
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exo-3,3-Dimethyl-butyric-acid-bicyclo[2.2.1]heptan-2-yl-ester, 135b. 
O
O
1
2
3
4
5
6
7
 
The product was obtained as a transparent oil (189 mg, 89%). bp. 110 oC, 25 mmHg; Rf = 
0.8 (Hexanes/EtOAc, 3:1); υmax (thin film, cm-1): 2958, 2873, 2308, 1720, 1475, 1367, 
1324, 1251, 1132, 1070, 995; δH (400 MHz, CDCl3): 4.57 (1H, br d, J 7.0, H-1), 2.25 (1H, 
br s, H-4), 2.16 (1H, br s, H-7), 2.11 (2H, br s, CH2), 1.77 (1H, ddd, J 2.0, 6.0, 14, H-2), 
1.02-1.59 (7H, m, H-2, H-3, H-5, H-6 and H-7), 0.98 (9H, s, CH3); δC (100 MHz, CDCl3): 
171.9 (C=O), 77.1 (C-1), 48.2 (CH2), 40.1 (C-4), 39.4 (C-2), 35.2 (C-3), 35.1 (C-7), 29.7 
(CH3),  29.1 (C-5), 24.7 (C-6); m/z (EI): 210 (M+, 1%), 196 (1%), 182 (6%), 99 (4%), 95 
(100%), 94 (11%), 57 (42%). 
 
exo-Bicyclo[2.2.1]heptan-2-yl-cinnamate 135c. 
O
O
1
2
3
4
5
6
7
 
The product was obtained as a yellow oil (241 mg, 98%). bp. 155 oC, 25 mmHg; Rf = 0.7 
(Hexanes/EtOAc, 3:1); υmax (thin film, cm-1): 3054, 2986, 2685, 2305, 2254, 1704, 1422, 
1265, 908, 734; δH (400 MHz, CDCl3): 7.65 (1H, d, J 16, CH=CHCO), 7.49 (2H, m, Hortho, 
meta), 7.36 (3H, dd, J 1.0, 4.0, Hortho, meta, para) 6.42 (1H, d, J 16, PhCH=CH), 4.73 (1H, br d, J 
6.8, H-1), 2.38 (1H, br d, J 4.7, H-4), 2.18 (1H, br s, H-7), 1.77 (1H, ddd, J 2.0, 7.0, 14, H-
2), 1.0-1.6 (7H, m, H-2, H-3, H-5, H-6 and H-7); δC (100 MHz, CDCl3): 166.6 (C=O), 
144.2 (CH=CHCO), 134.5 (Cipso), 130.1 (Cortho),  128.8 (Cmeta), 128.0 (Cpara), 118.8 
(PhCH=CH), 76.8 (C-1), 41.5 (C-4), 39.7 (C-2), 34.9 (C-3), 35.1 (C-7), 28.6 (C-5), 24.8 
(C-6);  m/z (EI): 242 (M+, 8%), 214 (5%), 148 (6%), 131 (100%), 95 (15%), 77(11%); 
Anal. Calcd for C16H18O2: C, 79.31%: H, 7.49%. Found: C, 79.25%: H, 7.43%. 
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exo-2-(4-Chlorophenoxy)bicyclo[2.2.1]heptane, 137a. 
2
1
3
4
5
6
7
O
Cl
 
The product was obtained as a pale yellow oil (213 mg, 98%). bp. 145 oC, 25 mmHg; Rf = 
0.6 (Hexanes/EtOAc, 3:1); υmax (thin film, cm-1): 3053, 2962, 2874, 2305, 1595, 1490, 
1265, 1075, 909, 826, 787; δH (400 MHz, CDCl3): 7.23 (2H, d, J 8.9, Hmeta), 6.78 (2H, d, J 
8.9, Hortho), 4.12 (1H, d, J 6.7, H-1), 2.44 (1H, br s, H-4), 2.32 (1H, br s, H-7), 1.77 (1H, 
ddd, J 2.0, 7.0, 15, H-2), 1.0-1.6 (7H, m, H-2, H-3, H-5, H-6 and H-7); δC (100 MHz, 
CDCl3): 156.3 (Cipso), 129.3 (Cmeta), 124.9 (Cpara), 116.6 (Cortho), 79.6 (C-1), 40.1 (C-4), 
39.6 (C-2), 35.2 (C-3), 35.1 (C-7), 28.2 (C-6), 24.1 (C-5); m/z (EI): 222 (M+, 7%), 215 
(1%), 167 (4%), 154 (4%), 139 (100%), 94 (4%), 66 (20%); Anal. Calcd for C13H15OCl: C, 
70.11%: H, 6.79%. Found: C, 70.12%: H, 6.73%. 
 
exo-2-Phenoxybicyclo[2.2.1]heptane (2-exo-phenoxynorbonane), 137b.289 
2
1
3
4
5
6
7
O
 
The product was obtained as a transparent oil (181 mg, 95%). bp. 140 ºC, 25 mmHg (lit.289 
78-80 ºC, 0.3 mmHg); Rf = 0.8 (Hexanes/EtOAc, 3:1); υmax (thin film, cm-1): 3052, 2956, 
2872, 2305, 1710, 1597,1265, 1176, 1082, 737; δH (400 MHz, CDCl3): 7.31-7.34 (2H, m, 
Hortho,meta), 6.97-6.99 (3H, m, Hortho,meta,para), 4.22 (1H, d, J 6.5, H-1), 2.52 (1H, br s, H-4), 
2.37 (1H, s H-7), 1.81 (1H, ddd, J 2.0, 7.0, 15, H-2), 1.0-1.6 (7H, m, H-2, H-3, H-5, H-6 
and H-7); δC (100 MHz, CDCl3): 157.8 (Cipso), 129.4 (Cortho), 120.2 (Cpara), 115.4 (Cmeta), 
79.7 (C-1), 40.1 (C-4), 41.2 (C-2), 40.2 (C-3), 34.9 (C-7), 28.7 (C-6), 24.4 (C-5); m/z  (EI): 
188 (M+, 17%), 124 (6%), 95 (100%), 94 (77%), 67 (26%). 
 
exo-2-(2-Methoxyphenoxy)bicyclo[2.2.1]heptane, 137c. 
O 1
2
3
4
5
6
7
OMe
1'
2'
3'
4'
5'
6'
 
The product was obtained as a pale yellow oil (216 mg, 97%). bp. 125oC, 1 mmHg; Rf = 
0.8 (Hexanes/EtOAc, 3:1); υmax (thin film, cm-1): 3539, 3445, 3054, 2950, 2871, 171, 1596, 
1502, 1445, 1362, 1259, 1110, 1025, 901,  738; δH (400 MHz, CDCl3): 7.31-7.36 (4H, m, 
175 
 
H-3’, H-4’, H-5’, H-6’), 4.21 (1H, d, J 6.3, H-1), 3.85 (3H, s, OCH3), 2.52 (1H, br s, H-4), 
2.33 (1H, s H-7), 1.81-1.84 (1H, m, H-2), 1.0-1.6 (7H, m, H-2, H-3, H-5, H-6 and H-7); δC 
(100 MHz, CDCl3): 149.9 (C-2’), 147.4 (C-1’), 120.8 (C-5’), 120.7 (C-4’), 114.9 (C-6’), 
112.2 (C-3’), 81.1 (C-1), 56.0 (OMe), 41.0 (C-4), 40.2 (C-2), 40.0 (C-3), 34.9 (C-7), 28.6 
(C-6), 24.8 (C-5); m/z  (EI): 218 (M+, 10%), 124 (100%), 109 (52%), 95 (97%), 67 (22%). 
 
exo-2-Benzyloxybicyclo[2.2.1]heptane (2-exo-benzyloxynorbonane), 138a. 
2
1
3
4
5
6
7
O
 
The product was obtained as a pale yellow oil (172 mg, 85%). bp. 80 oC, 1 mmHg; Rf = 0.8 
(Hexanes/EtOAc, 3:1); υmax (thin film, cm-1): 3032, 2959, 2873, 2253, 1732, 1453,1265, 
1091, 1049, 909, 734, 649; δH (400 MHz, CDCl3): 7.34-7.38 (5H, m, Hortho, meta, para), 4.55 
(1H, d, J 12.0, CH2Ph), 4.50 (1H, d, J 12.0, CH2Ph), 3.50 (1H, d, J 6.4, H-1), 2.42 (1H, br 
s, H-4), 2.29 (1H, br s H-7), 1.73-1.75 (1H, m, H-2), 1.0-1.6 (7H, m, H-2, H-3, H-5, H-6 
and H-7); δC (100 MHz, CDCl3): 139.1 (Cipso), 128.3 (Cortho), 127.5 (Cmeta), 127.3 (Cpara), 
82.1 (C-1), 70.2 (CH2Ph), 40.9 (C-4), 40.2 (C-2), 35.2 (C-3), 34.9 (C-7), 28.6 (C-6), 24.9 
(C-5); m/z (EI): 202 (M+, 1%), 111 (1%), 91 (100%), 67 (57%); Anal. Calcd for C14H18O: 
C, 83.12%: H, 8.97%. Found: C, 83.06%: H, 8.87%. 
 
exo-2-Butoxybicyclo[2.2.1]heptane (2-exo-n-butoxynorbonane), 138b.290 
2
1
3
4
5
6
7
O
 
The product was obtained as a transparent oil (124 mg, 73%). bp. 120 ºC, 25 mmHg; Rf = 
0.8 Hexanes/EtOAc, 3:1; υmax (thin film, cm-1): 2959, 2872, 2306, 1503, 1439,1265, 1090, 
737; δH (400 MHz, CDCl3): 3.36-3.39 (3H, m, H-1, OCH2), 2.28 (1H, br s, H-4), 2.19 (1H, 
br s, H-7), 1.1-1.9 (12H, m, 2 x CH2, H-2, H-5, H-6 and H-7), 0.88 (3H, t, J 7.3, CH3); δC 
(100 MHz, CDCl3): 82.4 (C-1), 67.9 (OCH2), 40.2 (C-4), 39.5 (CH2), 35.1 (C-2), 34.7 (C-
3), 32.1 (C-7), 28.5 (C-6), 24.6 (C-5), 19.5 (CH2), 13.9 (CH3); m/z  (EI): 168 (M+, 3%), 125 
(3%), 111 (36%), 95 (83%), 91 (100%), 67 (78%), 66 (37%). 
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exo-2-Isopropoxybicyclo[2.2.1]heptane (2-exo-isopropoxynorbonane), 138c.291 
2
1
3
4
5
6
7
O
 
The product was obtained as a transparent oil (38 mg, 25%). 55 oC, 25 mmHg (lit.291 78-80 
oC, 40 mmHg); Rf = 0.8 (Hexanes/EtOAc, 3:1); υmax (thin film, cm-1): 2960, 2873, 2305, 
1408, 1265, 1089, 909, 706; δH (400 MHz, CDCl3): 3.59 (1H, sept, J 6.1, CHMe2), 3.42 
(1H, d, J 6.7, H-1), 2.21 (1H, br s, H-4), 2.15 (1H, br s, H-7), 1.81-1.84 (1H, m, H-2), 1.1-
1.6 (7H, m, H-2, H-3, H-5, H-6 and H-7) 1.11 (3H, d, J 6.1, CH3) 1.10 (3H, d, J 6.1, CH3); 
δC (100 MHz, CDCl3): 79.9 (C-1), 68.5 (CHMe2), 40.9 (C-4), 40.0 (C-2), 34.9 (C-3), 32.1 
(C-7), 28.5 (C-6), 24.7 (C-5), 22.6 (CH3); m/z (EI): 154 (M+, <1%), 139 (5%), 111 (8%), 95 
(100%), 67 (27%). 
 
N-Tosylbicyclo[2.2.1]heptan-2-amine (exo-N-Bicyclo[2.2.1]hept-2-yl-4-methyl 
benzenesulfonamide), 154c.292 
S
N
H
O O
2
1
3
4
5
6
7
 
The product was obtained as a crystalline white solid (253 mg, 95%). mp. 126-128 oC 
(lit.292 129-130 oC); Rf = 0.4 (Hexanes/EtOAc, 4:1); υmax (KBr disc, cm-1): 3262, 2945, 
2868, 1917, 1805, 1597, 1494, 1427, 1321, 1150, 1023, 950, 896, 811, 686; δH (400 MHz, 
CDCl3): 7.77 (2H, d, J 9.0, Hortho), 7.31 (2H, d, J 9.0, Hmeta), 4.67 ( 1H, d, J 7.4, NH), 3.11 
(1H, br s, H-1), 2.43 (3H, s, Ar-CH3) 2.18 (1H, br s, H-4), 2.09 (1H, br s, H-7), 1.77 (1H, 
ddd, J 2.0, 7.0, 13, H-2), 1.10-1.60 (7H, m, H-2, H-3, H-5 and H-6 and H-7); δC (100 MHz, 
CDCl3): 143.1 (Cipso), 137.9 (Cpara), 129.6 (Cortho), 127.1 (Cmeta), 55.6 (C-1), 42.4 (C-4), 
40.7 (C-2), 35.5 (C-3), 35.1 (C-7), 28.0 (C-5), 26.3 (C-6), 21.5 (CH3); m/z (EI): 265 (M+, 
5%), 155 (25%), 139 (42%), 110 (100%), 91 (88%), 81 (32 %), 65 (35%). 
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exo-N-Benzyl-N-tosylbicyclo[2.2.1]heptan-2-amine (N-Benzyl-N-bicyclo[2.2.1]hept-2-yl- 
4-methyl-benzenesulfonamide), 154d. 
S
N
O O
2
1
3
4
5
6
7
 
The product was obtained as a crystalline white solid (273 mg, 77%). mp. 84-86 oC; Rf = 
0.4 (Hexanes/EtOAc, 4:1); υmax (KBr disc, cm-1): 3269, 3032, 2950, 2871, 1598, 1494, 
1453, 1332, 1153, 1091, 1059, 961, 875, 811, 809, 742, 659, 593, 552; δH (400 MHz, 
CDCl3): 7.73 (2H, d, J 6.8, Hortho), 7.40 (2H, d, J 6.8, Hmeta), 7.20 -7.35 (5H, m, Ar-H), 4.50 
(1H, d, J 16.8, CH2), 4.38 (1H, d, J 16.8, CH2), 3.91-3.93 (1H, m, H-1), 2.44 (3H, s, Ar-
CH3), 2.10 (1H, br s, H-4), 1.94 (1H, br s, H-7), 1.77 (1H, ddd, J 2.0, 7.0, 13, H-2), 1.1-1.6 
(7H, m, H-2, H-3, H-5 and H-6 and H-7); δC (100 MHz, CDCl3): 143.4 (Cipso), 137.9 
(Cpara), 129.6 (Cortho), 128.6 – 127.1 (phenyl), 127.0 (Cmeta), 61.2 (C-1), 47.6 (CH2), 47.3 
(C-4), 40.5 (C-2), 37.8 (C-3), 35.8 (C-7), 29.5 (C-5), 27.5 (C-6), 21.5 (CH3); m/z (EI): 355 
(M+, 65%), 264 (65%), 223 (55%), 106 (65%), 91 (100%), 65 (15%); Anal. Calcd for 
C21H25NO2S: C, 70.95%: H, 7.09%: N, 3.94%. Found: C, 70.85%: H, 7.16%: N, 4.02%. 
 
exo-N-Nosylbicyclo[2.2.1]heptan-2-amine (exo-N-Bicyclo[2.2.1]hept-2-yl-4-nitro-
benzenesulfonamide), 154e.293 
S
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The product was obtained as a crystalline white solid (247 mg, 83%). mp. 130-132 oC 
(lit.293 125-127 oC); Rf = 0.4 (Hexanes/EtOAc, 4:1); υmax (KBr disc, cm-1): 3303, 3106, 
2961, 2870, 1606, 1535, 1421, 1348, 1164, 1090, 1025, 961, 900, 852, 736, 684, 612, 536, 
462; δH (400 MHz, CDCl3): 8.37 (2H, d, J 12.0, Hmeta), 8.07 (2H, d, J 12.0, Hortho), 4.76 ( 
1H, d, J 6.8, NH), 3.22 (1H, br s, H-1), 2.23 (1H, br s, H-4), 2.21 (1H, br s, H-7), 1.68 (1H, 
ddd, J 2.0, 7.0, 13, H-2), 1.1-1.6 (7H, m, H-2, H-3, H-5 and H-6 and H-7); δC (100 MHz, 
CDCl3): 150.1 (Cpara), 146.9 (Cipso), 129.6 (Cmeta), 127.1 (Cortho), 56.9 (C-1), 42.6 (C-4), 
40.8 (C-2), 35.6 (C-3), 35.1 (C-7), 27.8 (C-5), 26.2 (C-6); m/z (EI): 296 (M+, 10%), 215 
(43%), 186 (42%), 122 (56%), 110 (100%), 94 (59%), 81 (70 %), 67 (55%). 
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N-Cyclohex-2-enyltoluene-p-sulfonamide, 158.207 
N
H
S
O O
 
The product was obtained as a crystalline white solid (232 mg, 93%). mp. 99-101 oC (lit.207 
101-102 oC); Rf = 0.4 (Hexanes/ EtOAc, 4/1); υmax (KBr disc, cm-1): 3272, 3028, 2943, 
2860, 1918, 1803, 1650, 1596, 1421, 1321, 1158, 1090, 1067, 980, 940, 898, 810, 673, 580, 
551, 516; δH (400 MHz, CDCl3): 7.81 (2H, d, J 8.0, Hortho), 7.33 (2H, d, J 8.0, Hmeta), 5.78-
5.82 (1H, m, H-2), 5.37 5.40 (1H, m, H-3), 4.76 (1H, d, J 8.4, NH), 3.82-3.88 (1H, m, H-1), 
2.45 (3H, s, Ar-CH3), 1.94-1.53 (6H, m, H-4, H-5, H-6); δC (100 MHz, CDCl3): 143.3 
(Cipso), 138.4 (Cpara), 131.5 (C-2), 129.7 (Cmeta), 127.1 (C-3) 127.0 (Cortho), 50.0 (C-1), 30.3 
(C-6), 24.5 (Ar CH3), 21.6 (C-4), 19.3 (C-5); m/z (EI): 251 (M+, 10%), 223 (40%), 187 
(50%), 155 (45%), 96(85%), 91 (100%), 68 (35%). 
 
Cyclohex-2-enyl-carbamic-acid-methyl-ester 160.294 
H
N
O
O1
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3
4
5
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The product was obtained as a pale yellow oil (136 mg, 88%); Rf = 0.3 (Hexanes/ EtOAc, 
4/1); υmax (thin film, cm-1): 3327, 2942, 1702, 1534, 1453, 1310, 1241, 1068, 1043; δH (400 
MHz, CDCl3): 5.82 (1H, m, H-2), 5.64 (1H, m, H-3), 4.66 (1H, d, J 8.4, NH), 4.21-4.23 
(1H, m, H-1), 3.65 (3H, s, OCH3) 1.92-2.01 (3H, m, H-4, H-6), 1.52-1.65 (3H, m, H-5, H-
6); δC (100 MHz, CDCl3): 156.5 (C=O), 130.9 (C-2), 127.7 (C-3), 51.8 (OCH3), 46.6 (C-1), 
29.8 (C-6), 24.8 (C-4), 19.6 (C-5); m/z (EI): 155 (M+, 15%), 144 (10%), 108 (30%), 96 
(30%), 91 (100%), 65 (30%). 
 
Cyclohex-2-enyl-carbamic-acid-benzyl-ester 161.295 
H
N
O
O1
2
3
4
5
6
 
The product was obtained as a crystalline white solid (120 mg, 52%). mp. 55-56 oC (lit.295 
51-53 oC); Rf = 0.4 (Hexanes/ EtOAc, 4/1); υmax (KBr disc, cm-1): 3363, 2946, 1722, 1544, 
1324, 1268, 1068, 729; δH (400 MHz, CDCl3): 7.28-7.37 (5H, m, Ar-H), 5.84 (1H, m, H-2), 
5.64 (1H, m, H-3), 5.12 (2H, s, OCH2), 4.76 (1H, d, J 8.4, NH), 4.24-4.25 (1H, m, H-1), 
1.92-2.01 (3H, m, H-4, H-6), 1.52-1.65 (3H, m, H-5, H-6); δC (100 MHz, CDCl3): 155.5 
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(C=O), 136.6 (Cipso), 130.9 (C-2), 128.6 (Cmeta), 128.1 (Cpara), 128.0 (Cortho), 127.7 (C-3), 
66.6 (OCH2), 46.4 (C-1), 29.8 (C-6), 24.8 (C-4), 19.6 (C-5); m/z (EI): 231 (M+, 15%), 140 
(85%), 91 (100%), 79 (30%), 65 (30%), 51 (12%). 
 
(1-Methyl-3-phenyl-allyl)-carbamicacid-benzylester,..N-Benzyloxycarbonyl-4-
phenylbut-3-en-2-ylamine, 164.296 
HN
O
O
2
13
4
1'
2'
3'
4'
 
The product was obtained as a crystalline white solid (120 mg, 52%). mp. 76-77 oC (lit.296 
88-91 oC); Rf = 0.3 (Hexanes/ EtOAc, 4:1); υmax (KBr disc, cm-1): 3320, 3026, 2982, 2939, 
2898, 1950, 1876, 1681, 1528, 1452, 1333, 1255, 1065, 972, 909, 874, 846, 782, 746, 692, 
644, 578, 528; δH (400 MHz, CDCl3): 7.39-7.28 (10H, m, Ar-H), 6.56 (1H, d, J 16.0, 
ArCH=CH), 6.22 (1H, dd,  J 6.0, 16.0, ArCH=CH), 5.15 (2H, s, OCH2) 4.84 (1H, br s, 
NH),  4.51-4.55 (1H, br m, CH), 1.38 (3H, d, J 6.8, CH3); δC (100 MHz, CDCl3): 155.6 
(C=O), 136.7 (C-1’), 136.6 (C-1), 131.2 (C-1), 129.6 (ArCH=CH), 128.6 (C-3, C-3’), 128.2 
(ArCH=CH), 127.7 (C-4’), 127.6 (C-4), 126.5 (C-2’), 126.4 (C-2), 66.8 (OCH2), 48.5 (CH), 
21.1 (CH3); m/z (EI): 281 (M+, 10%), 222 (30%), 190 (50%), 129 (60%), 91 (100%), 65 
(15%), 42 (12%). 
 
 
1-Phenyl-N-tosylethanamine, 4-Methyl-N-(1-phenyl-ethyl)-benzenesulfonamide, 169a.297 
1
2
3
4
N
H
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The product was obtained as a crystalline white solid (269 mg, 97%). mp. 79-80 oC (lit.297 
81-82 oC,); Rf = 0.4 (Hexanes/ EtOAc, 4:1); υmax (KBr disc, cm-1): 3243, 3061, 2970, 2929, 
2870, 1807, 1757, 1597, 1494, 1449, 1302, 1150, 1120, 1103, 958, 869, 812, 766, 702, 671, 
559; δH (400 MHz, CDCl3): 7.63 (2H, d, J 8.0, Hortho), 7.18-7.22 (5H, m, H-2, H-3, H-4), 
7.10 (2H, d, J 8.0, Hmeta), 4.84 (1H, d, J 6.8, NH),  4.46 (1H, quintet, J 6.8, CH), 2.39 (3H, 
s, Ar-CH3), 1.43 (3H, d, J 6.8, CH3); δC (100 MHz, CDCl3): 143.2 (Cipso), 142.0 (C-1), 
137.7 (Cpara), 129.5 (Cmeta), 128.6 (C-2), 127.5 (C-4), 127.1 (C-3), 126.1 (Cortho), 53.6 (CH), 
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23.6 (Ar-CH3),  21.5 (CH3); m/z (EI): 260 (M+, 100%), 155 (65%), 120 (65%), 91 (85%), 
77 (15%). 
 
1-(4-Flurophenyl)-N-tosylethanamine, 169b. 
1
2
3
4
N
H
S
F
O O
 
The product was obtained as a crystalline white solid (277 mg, 95%). mp. 106-108 oC; Rf = 
0.4 (Hexanes/ EtOAc, 4:1); υmax (KBr disc, cm-1): 3266, 3052, 2966, 2928, 2874, 1917, 
1890, 1650, 1605, 1510, 1452, 1306, 1225, 1155, 1090, 1024, 958, 871, 835, 738, 676, 567, 
537; δH (400 MHz, CDCl3): 7.61 (2H, d, J 8.4, Hortho), 7.18 (2H, d, J 8.4, Hmeta,), 7.10-7.15 
(2H, m, H-3), 6.89-6.92 (2H, m, H-2) 4.89 (1H, d, J 6.8, NH),  4.48 (1H, quintet, J 6.8, 
CH), 2.39 (3H, s, Ar-CH3), 1.40 (3H, d, J 6.8, CH3); δC (100 MHz, CDCl3): 163.2, 160.9 
(d, JCF 245, C-4), 143.3 (Cipso), 137.8 (d, JCF 4, C-1), 137.6 (Cpara), 129.4  (Cmeta), 127.8 (d, 
JCF 8, C-3), 127.1 (Cortho), 115.4 (d, JCF 21, C-2), 52.9 (CH), 23.5 (Ar-CH3),  21.5 (CH3); 
m/z (EI): 293 (M+, <1%), 278 (85%), 229 (10%), 155 (67%), 138 (95%), 123 (30%), 91 
(100%); Anal. Calcd for C15H16FNO2S: C, 61.41%: H, 5.50%: N, 4.77%. Found: C, 
61.47%: H, 5.51%: N, 4.72%. 
 
1-(4-Chlorophenyl)-N-tosylethanamine, N-[1-(4-chlorophenyl)ethyl]-4-methylbenzene-
sulfonamide, 169c. 
1
2
3
4
N
H
S
Cl
O O
 
The product was obtained as a crystalline white solid (258 mg, 83%). mp. 128-130 oC; Rf = 
0.4 (Hexanes/ EtOAc, 4:1); υmax (KBr disc, cm-1): 3249, 3048, 2975, 2929, 2874, 1912, 
1598, 1493, 1450, 1323, 1159, 1088, 1014, 959, 869, 810, 683, 563, 537; δH (400 MHz, 
CDCl3): 7.59 (2H, d, J 8.4, Hortho), 7.20 (2H, d, J 8.4, Hmeta), 7.10 (2H, d, J 6.4, H-3), 6.89 
(2H, d, J 8.4, H-2) 5.19 (1H, d, J 8.4, NH),  4.44 (1H, quintet, J 6.8, CH), 2.39 (3H, s, Ar-
CH3), 1.39 (3H, d, J 6.8, CH3); δC (100 MHz, CDCl3): 143.3 (C-4), 140.5 (Cipso), 137.4 (C-
1), 133.2 (Cpara), 129.4 (C-3), 128.5 (C-2), 127.6 (Cortho), 127.0 (Cmeta), 53.1 (CH), 23.5 (Ar-
CH3),  21.5 (CH3); m/z (EI): 309 (M+, <1%), 294 (55%), 155 (90%), 154 (85%), 139 (27%), 
103 (36%), 91 (100%); Anal. Calcd for C15H16ClNO2S: C, 58.15%: H, 5.21%: N, 4.52%. 
Found: C, 58.19%: H, 5.24%: N, 4.50%. 
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1-p-Tolyl-N-tosylethanamine, N-[1-(4-methylphenyl)ethyl]-4-methylbenzenesulfonamide, 
169e. 
1
2
3
4
N
H
S
O O
 
The product was obtained as a crystalline white solid (194 mg, 67%). mp. 116-118 oC; Rf = 
0.4 (Hexanes/ EtOAc, 4:1); υmax (KBr disc, cm-1): 3338, 3251, 2968, 2925, 2891, 2733, 
1902, 1798, 1650, 1597, 1513, 1432, 1324, 1156, 1091, 1021, 960, 868, 810, 730, 664,576; 
δH (400 MHz, CDCl3): 7.63 (2H, d, J 8.4, Hortho), 7.20 (2H, d, J 8.4, Hmeta), 7.00-7.03 (4H, 
m, H-2, H-3), 4.81 (1H, d, J 6.8, NH),  4.41 (1H, quintet, J 6.8, CH), 2.39 (3H, s, Ar-CH3), 
2.28 (3H, s, Ar-CH3), 1.40 (3H, d, J 6.8, CH3CH); δC (100 MHz, CDCl3): 143.0 (Cipso), 
139.0 (C-4), 137.7 (C-1), 137.2 (Cpara), 129.4 (C-3), 129.2 (C-2), 127.1 (Cortho), 126.0 
(Cmeta), 53.4 (CH), 23.4 (Ar-CH3),  21.5 (CH3), 21.0 (Ar-CH3); m/z (EI): 289 (M+, <1%), 
274 (87%), 155 (55%), 144 (98%), 119 (27%), 91 (100%), 65 (22%); Anal. Calcd for 
C16H19NO2S: C, 66.41%: H, 6.62%: N, 4.84%. Found: C, 66.49%: H, 6.61%: N, 4.87%. 
 
1-(2,4-Dimethylphenyl)-N-tosylethanamine, N-[1-(2,4-dimethylphenyl)ethyl]-4-
methylbenzene-sulfonamide, 169f. 
1
2
3
4
N
H
S
O O
5
6
 
The product was obtained as a crystalline white solid (177 mg, 58%). mp. 124-125 oC; Rf = 
0.4 (Hexanes/ EtOAc, 4:1); υmax (KBr disc, cm-1): 3258, 2973, 2925, 2309, 1919, 1597, 
1497, 1419, 1359, 1304, 1139, 1078, 1019, 952, 873, 825, 671, 550, 810; δH (400 MHz, 
CDCl3): 7.61 (2H, d, J 8.4, Hortho), 7.17 (2H, d, J 8.4, Hmeta), 7.03 (1H, s H-3), 6.85-6.88 
(2H, m, H-5, H-6), 5.05 (1H, d, J 6.8, NH),  4.67 (1H, quintet, J 6.8, CH), 2.37 (3H, s, Ar-
CH3), 2.23 (3H, s, Ar-CH3), 2.14 (3H, s, Ar-CH3) 1.36 (3H, d, J 6.8, CH3); δC (100 MHz, 
CDCl3): 143.0 (Cipso), 137.8 (C-2), 137.3 (Cpara), 136.9 (C-1), 134.3 (C-4), 131.3 (C-3), 
129.4 (C-6), 127.1 (C-5), 127.0 (Cortho), 125.4 (Cmeta), 49.6 (CH), 23.1 (Ar-CH3),  21.5 
(CH3), 20.9 (Ar-CH3), 18.9 (Ar-CH3); m/z (EI): 303 (M+, 5%), 289 (12%), 288 (100%), 198 
(5%), 155 (35%), 133 (25%), 132 (72%), 91 (65%); Anal. Calcd for C17H21NO2S: C, 
67.29%: H, 6.98%: N, 4.62%. Found: C, 67.24%: H, 6.97%: N, 4.55%. 
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1-(Naphthalen-6-yl)-N-tosylethanamine,(4-Methyl-N-(1-naphthalene-2-yl-ethyl)-benzene 
sulfonamide, 169h.298 
1
2
3
4
5
6
N
H
S
O O
7
8 9 10
 
The product was obtained as a crystalline white solid (229 mg, 70%). mp. 147-148 oC 
(lit.298 148-149 oC,); Rf = 0.4 (Hexanes/ EtOAc, 4:1); υmax (KBr disc, cm-1): 3277, 3047, 
2971, 2933, 2862, 1915, 1802, 1598, 1504, 1452, 1301, 1155, 1085, 1037, 974, 944, 865, 
815, 750, 699, 571; δH (400 MHz, CDCl3): 7.63 (2H, d, J 8.0, Hortho), 7.56 – 7.43 (7H, m, 
Np), 7.01 (2H, d, J 8.0, Hmeta), 5.35 (1H, d, J 6.8, NH),  4.63 (1H, quintet, J 6.8, CH), 2.18 
(3H, s, Ar-CH3), 1.32 (3H, d, J 6.8, CH3); δC (100 MHz, CDCl3): 143.1 (Cipso), 139.1 (C-1), 
137.6 (Cpara), 133.1 (C-9), 132.7 (C-4),  129.3 (Cmeta), 128.4 (C-2), 127.9 (C-10), 127.5 (C-
3), 127.0 (Cortho), 126.1 (C-8), 125.9 (C-5), 125.1 (C-7), 124.1 (C-6), 53.9 (CH), 23.5 (Ar-
CH3),  21.3 (CH3); m/z (EI): 325 (M+, 35%), 310 (75%), 170 (88%), 169 (100%), 155 
(52%), 154 (70%), 127 (28%), 91 (82%). 
 
4-Nitro-N-(1-phenylethyl)benzenesulfonamide, 170a.293 
1
2
3
4
N
H
S
NO2
O O
 
The product was obtained as a crystalline white solid (282 mg, 95%). mp. 124-125 oC 
(lit.293 124-126 oC,); Rf = 0.4 (Hexanes/ EtOAc, 4:1); υmax (KBr disc, cm-1): 3264, 3117, 
2997, 2868, 1934, 1814, 1682, 1607, 1529, 1433, 1330, 1166, 1088, 1011, 965, 852, 770, 
736, 703, 632, 543, 464; δH (400 MHz, CDCl3): 8.13 (2H, d, J 8.8, Hmeta), 7.79 (2H, d, J 
8.8, Hortho), 7.13-7.17 (3H, m, H-3, H4), 7.05-7.08 (2H, m, H-2), 5.28 (1H, d, J 6.8, NH),  
4.60 (1H, quintet, J 6.8, CH), 1.49 (3H, d, J 6.8, CH3); δC (100 MHz, CDCl3): 149.7 (Cpara), 
146.6 (Cipso), 141.0 (C1), 128.6 (C-3), 128.2 (C-2), 127.9 (C-4), 126.2 (Cortho), 123.8 
(Cmeta), 54.2 (CH), 23.6 (CH3); m/z (EI): 306 (M+, <1%), 291 (100%), 186 (20%), 122 
(32%), 120 (36%), 105 (24%), 77 (16%). 
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4-Nitro-N-(1-(4-flurophenyl)ethyl)benzenesulfonamide, 170b. 
1
2
3
4
N
H
S
NO2F
O O
 
The product was obtained as a crystalline white solid (268 mg, 83%). mp. 100-102 oC; Rf = 
0.4 (Hexanes/ EtOAc, 4:1); υmax (KBr disc, cm-1): 3304, 3235, 3118, 2974, 2929, 2866, 
2453, 1896, 1604, 1511, 1431, 1312, 1226, 1154, 1089, 1015, 963, 855, 734, 620, 556; δH 
(400 MHz, CDCl3): 8.20 (2H, d, J 8.8, Hmeta), 7.84 (2H, d, J 8.8, Hortho), 7.03-7.05 (2H, m, 
H-3), 6.84-6.86 (2H, m, H-2), 5.47 (1H, d, J 6.8, NH),  4.58 (1H, quintet, J 6.8, CH), 1.43 
(3H, d, J 6.8, CH3); δC (100 MHz, CDCl3): 163.4 (d, JCF 247, C-4), 149.7 (Cpara), 146.5 
(Cipso), 136.9 (d, JCF 3, C-1), 128.2 (Cortho), 127.9 (d, JCF 8, C-3), 127.8 (Cmeta), 115.4 (d, 
JCF 21, C-2), 53.5 (CH), 23.5 (CH3); m/z (EI): 324 (M+, <1%), 309 (100%), 186 (32%), 138 
(56%), 137 (25%), 123 (28%), 122 (80%), 103 (10%), 75 (10%) Anal. Calcd for 
C14H13FN2O4S: C, 51.85%: H, 4.04%: N, 8.64%. Found: C, 51.92%: H, 4.10%: N, 8.61%. 
 
4-Nitro-N-(1-(4-chlorophenyl)ethyl)benzenesulfonamide, 170c. 
1
2
3
4
N
H
S
NO2Cl
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The product was obtained as a crystalline white solid (212 mg, 62%). mp. 122-124 oC; Rf = 
0.4 (Hexanes/ EtOAc, 4:1); υmax (KBr disc, cm-1): 3252, 3110, 2981, 2870, 1607, 1530, 
1491, 1431, 1338, 1311, 1164, 1089, 1021, 964, 851, 826, 737, 684, 614, 544, 465; δH (400 
MHz, CDCl3): 8.22 (2H, d, J 8.8, Hmeta), 7.83 (2H, d, J 8.8, Hortho), 7.16 (2H, d, J 8.4, H-3), 
7.03 (2H, d, J 8.4, H-2), 5.21 (1H, d, J 6.8, NH),  4.57 (1H, quintet, J 6.8, CH), 1.46 (3H, d, 
J 6.8, CH3); δC (100 MHz, CDCl3): 149.8 (Cpara), 146.4 (Cipso), 139.6 (C-1), 133.8 (C-4), 
128.8 (Cortho), 128.2 (C-3), 127.6 (Cmeta), 127.4 (C-2), 53.5 (CH), 23.4 (CH3); m/z (EI): 340 
(M+, 2%), 327 (45%), 325 (100%), 186 (55%), 154 (73%), 153 (56%), 139 (36%), 138 
(56%), 122 (68%), 103 (40%), 77 (25%) Anal. Calcd for C14H13ClN2O4S: C, 49.34%: H, 
3.85%: N, 8.22%. Found: C, 49.40%, H, 3.79%, N, 8.18%. 
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4-Nitro-N-(1-(p-tolyl-ethyl)benzenesulfonamide, 170e. 
1
2
3
4
N
H
S
NO2
O O
 
The product was obtained as a crystalline white solid (207 mg, 63%). mp. 94-96 oC; Rf = 
0.4 (Hexanes/ EtOAc, 4:1); υmax (KBr disc, cm-1): 3258, 3118, 2976, 2863, 1932, 1903, 
1797, 1609, 1529, 1426, 1344, 1310, 1166, 1089, 1020, 963, 852, 815, 737, 640, 616, 539, 
463; δH (400 MHz, CDCl3): 8.13 (2H, d, J 8.8, Hmeta), 7.78 (2H, d, J 8.8, Hortho), 6.92-6.95 
(4H, m, H-3, H-2), 5.32 (1H, d, J 6.8, NH),  4.55 (1H, quintet, J 6.8, CH), 2.21 (3H, s, Ar-
CH3), 1.44 (3H, d, J 6.8, CH3); δC (100 MHz, CDCl3): 149.6 (Cpara), 146.5 (Cipso), 138.0 (C-
4), 137.8 (C-1), 129.2 (Cortho), 128.3 (C-3), 126.1 (Cmeta), 123.8 (C-2), 54.0 (CH), 23.5 
(CH3), 20.9 (Ar-CH3); m/z (EI): 320 (M+, 3%), 305 (100%), 186 (12%), 133 (42%), 119 
(28%), 118 (40%), 91 (16%). Anal. Calcd for C15H16N2O4S: C, 56.24%: H, 5.03%: N, 
8.74%. Found: C, 56.14%: H, 4.98%: N, 8.65%. 
 
4-Nitro-N-(1-(2,4-dimethylphenyl)ethyl)benzenesulfonamide, 170f. 
1
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The product was obtained as a crystalline white solid (143 mg, 43%). mp. 124-126 oC; Rf = 
0.4 (Hexanes/ EtOAc, 4:1); υmax (KBr disc, cm-1): 3271, 3112, 2976, 2925, 2866, 1606, 
1526, 1427, 1311, 1162, 1080, 1012, 958, 851, 736, 624, 555; δH (400 MHz, CDCl3): 8.10 
(2H, d, J 8.8, Hmeta), 7.73 (2H, d, J 8.8, Hortho), 6.71-6.80 (3H, m, H-3, H-5, H-6), 5.22 (1H, 
d, J 6.8, NH),  4.82 (1H, quintet, J 6.8, CH), 2.22 (3H, s, Ar-CH3), 2.18 (3H, s, Ar-CH3), 
1.44 (3H, d, J 6.8, CH3); δC (100 MHz, CDCl3): 149.6 (Cpara), 146.5 (Cipso), 138.0 (C-4), 
136.1 (C-2), 129.2 (Cortho), 128.3 (C-3), 128.1 (C-5), 125.3 (Cmeta), 123.7 (C-6), 50.0 (CH), 
23.1 (CH3), 20.8 (Ar-CH3), 18.9 (Ar-CH3); m/z (EI): 334 (M+, 6%), 322 (15%), 320 (16%), 
319 (100%), 186 (16%), 133 (40%), 132 (84%), 117 (15%). Anal. Calcd for C16H18N2O4S: 
C, 57.47%: H, 5.43%: N, 8.38%. Found: C, 57.54%: H, 5.35%: N, 8.37%. 
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(E)-1,3-Diphenylbut-1-ene, 172.299 
1
2
3
4  
The by-product was obtained as a pale yellow oil. bp. 120-125 oC, 1.0 mmHg (lit.299 113-
116  oC, 1.0 mmHg); Rf = 0.8 (Hexanes/ Acetone, 19:1); υmax (thin film, cm-1): 3059, 3025, 
2965, 2928, 2871, 1946, 1804, 1600, 1493, 1450, 1265, 1073, 1017, 966, 909, 841, 743; δH 
(400 MHz, CDCl3): 7.10 – 7.35-7.37 (10H, m, Ph), 6.36-6.38 (2H, m, CH=CH), 3.56-3.58 
(1H, m, CH), 1.39 (3H, d, J 6.8, CH3); δC (100 MHz, CDCl3): 145.7 (Cipso) 137.6 (C-1), 
128.6 (C-2), 128.5 (Cortho), 127.8 (C-3), 127.5 (Cmeta), 127.3 (C-4), 126.3 (Cpara), 42.6 (CH), 
21.3 (CH3); m/z (EI): 208 (M+, 100%), 193 (95%), 115 (95%), 91 (35%), 77 (15%). 
 
5.7 Synthesis of 1-[(1-E)-1,3-butadienyl]benzene 163.300 
1
2
3
4
 
A suspension of methyl-triphenylphosphonium iodide (20.0 g, 49.5 mmol) and 
potassium tert-butoxide (8.3 g, 74.1 mmol) in anhydrous THF (120 mL) was stirred for 10 
min at 0 oC under a nitrogen atmosphere. The reaction mixture was then treated trans-
cinnamaldehyde (6.3 mL, 50.0 mmol) and stirred for 14 hours under reflux. Upon 
completion, the mixture was diluted with THF (50 mL) and the solid phosphine oxide was 
removed by filtration. The solvent was reduced under vacuum and the product was 
extracted from the gummy material with n-hexanes (3 x 70 mL). Evaporation of the 
solvents under reduced pressure gave an oily residue which was purified by coloumn 
chromatography to afford 163 (6.4 g, 86%). Pale yellow oil.; Rf = 0.7 (Hexanes); υmax (thin 
film, cm-1): 3059, 3027, 1946, 1803, 1679, 1633, 1602, 1493, 1449, 1413, 1156, 1003, 966, 
948, 900, 858, 754, 692, 641; δH (400 MHz, CDCl3): 7.38 (2H, d, J 7.6, Hortho), 7.30 (2H, t, 
J 7.6, Hmeta), 7.21 (1H, t, J 7.6, Hpara), 6.80 (1H, dd, J 10.8, 15.6, H-2), 6.55 (2H, m, H-1, 
H-3), 5.32 (1H, d, J 17.2, H-4), 5.15 (1H, d, J 10.0, H-4); δC (100 MHz, CDCl3): 137.2 (C-
3), 137.1 (Cipso), 132.9 (C-1), 129.6 (Cmeta), 128.6 (Cpara), 127.6 (C-2), 126.5 (Cortho), 117.7 
(C-4); m/z (EI): 130 (M+, 100%), 111 (25%), 95 (20%), 67 (30%).  
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5.8 General procedure for copper (II) triflate mediated intramolecular O-H 
additions to alkenes 
A mixture of either the requisite alkenoic acid (5 mmol) or allyl phenol (2 mmol), 
copper (II) trifluoromethanesulfonate (0.02 – 0.10 mmol, 1 – 10 mol %) and phosphine 
ligand (0.10 mmol, 2 mol %, if used) in 1,4–dioxane (5 mL) was heated to reflux in a dry 
reaction vessel fitted with a Teflon screwcap for 18 hours. Thereafter, the solvent was 
removed under reduced pressure to generate a residue, which was analysed by NMR 
spectroscopy. The crude mixture was purified by column chromatography and distillation 
to afford either the corresponding lactone or benzo-fused cyclic ether. 
 
2-Methyl-2,3-dihydrobenzofuran, 144.301 
1
2
3
4
5
6
O
 
Transparent oil. bp. 56-62oC, 1 mmHg (lit.301 90 oC, 22 mmHg); υmax (thin film, cm-1): 
3050, 2973, 2971, 2854, 2462, 1610, 1480, 1380, 1333, 1232, 1173, 1082, 1016, 909, 863, 
819, 749, 711; δH (400 MHz, CDCl3): 7.20 (1H, d, J 7.3, H-2), 7.16 (1H, t, J 7.9, H-3), 6.88 
(1H, t, J 7.9, H-4), 6.81 (1H, d, J 7.3, H-5), 4.95-4.97 (1H, m, CH), 3.37 (1H, dd, J 14.6 
and 8.8, CH2), 2.88 (1H, dd, J 14.6 and 8.8, CH2), 1.52 (3H, d, J 6.3, CH3); δC (100 MHz, 
CDCl3): 159.5 (C-1), 128.0 (C-3), 127.1 (C-6), 125.0 (C-2), 120.2 (C-4), 109.3 (C-5), 79.5 
(CH), 37.1 (CH2), 21.8 (CH3); m/z (EI): 134 (M+, 52%), 133 (20%), 119 (23%), 105 (11%), 
91 (100%). 
 
γ-Valerolactone, 147.302 
1
2 3
4
OO
 
Transparent oil. bp. 110oC, 1 mmHg (lit.302 98 oC, 0.05 mmHg); Rf = 0.8 (Hexanes/EtOAc, 
3:1); υmax (thin film, cm-1): 3624, 2980, 2936, 2877, 1773, 1626, 1605, 1461, 1422, 1344, 
1280, 1197, 1122, 960, 942; δH (400 MHz, CDCl3): 4.62-4.64 (1H, m, H-4), 2.52-2.57 (2H, 
m, H-2), 2.34-2.37 (1H, m, H-3), 1.80-1.82 (1H, m, H-3), 1.37 (3H, d, J 5.8, CH3); δC (100 
MHz, CDCl3): 177.3 (C=O), 77.2 (C-4), 29.6 (C-2), 29.0 (C-3), 29.9 (CH3); m/z (EI): 100 
(M+, 17%), 85 (95%), 56 (100%), 95 (100%), 43 (46%). 
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5.9 Synthesis of 6-Methoxy-2,2-dimethylchroman, 142.181 
27
3
456
8
9 O10
O
 
A mixture of p-methoxyphonol (125 mg, 1 mmol), copper 
trifluoromethanesulfonate (0.10 mmol, 5 mol %) and phosphine ligand (0.20 mmol, 10 mol 
%, if used) in DCM (2 mL) was stirred at room temperature in a dry reaction vessel fitted 
with a Teflon screwcap for 18 hours. Thereafter, the solvent was removed under reduced 
pressure to generate a residue, which was analysed by NMR spectroscopy. The crude 
mixture was purified by column chromatography to afford the corresponding benzopyran 
142. Transparent oil.; Rf = 0.6 (Hexanes/ EtOAc, 7:3); υmax (thin film, cm-1): 3398, 2974, 
2940, 2834, 1778, 1612, 1495, 1452, 1369, 1205, 1122, 1038, 946, 918, 887, 827, 733; δH 
(400 MHz, CDCl3): 6.80-6.73 (2H, m, H-6, H-9), 6.68 (1H, d, J 7.8, H-8), 3.79 (3H, s, 
OCH3), 2.82 (2H, t, J 6.8, H-4), 1.85 (2H, t, J 6.8, H-3), 1.38 (6H, s, CH3); δC (100 MHz, 
CDCl3): 153.0 (C-7), 148.0 (C-10), 121.4 (C-5), 117.8 (C-9), 114.0 (C-6), 113.5 (C-8), 73.7 
(C-2), 55.6 (OCH3), 32.9 (C-3), 26.8 (CH3), 22.9 (C-4); m/z (EI): 192 (M+, 95%), 137 
(90%), 124 (90%), 109 (100%), 81 (50%), 53 (25%). 
 
5.10 Synthesis of acetyl-carbamic acid-benzylester, 185.303  
O N
H
O O
1
2
3
4
 
In a 50 mL round-bottom flask equipped with magnetic stir bar was charged a 
mixture of benzylcarbamate (1.0 g, 6.6 mmol), acetic anhydride (10.0 mL, 106.6 mmol), 
and 0.1 mL of concentrated sulfuric acid was heated at 40 °C with stirring for 20 h. After 
cooling, 5% aqueous NaHCO3 (20 mL) was added and the resulting crystalline solid was 
separated and recrystallised from ethanol to give 185 (3.4 g, 67%). White solid. mp. 103-
104 oC (lit.303 102-104 oC); υmax (KBr disc, cm-1): 3147, 2987, 1762, 1689, 1495, 1384, 
1313, 1217, 1074, 957, 919, 868, 829, 776, 748, 689, 594, 562, 505; δH (400 MHz, CDCl3): 
7.69 (1H, br s, NH), 7.39 (5H, br s, Ar-H), 5.20 (2H, s, OCH2), 2.45 (3H, s, CH3); δC (100 
MHz, CDCl3): 172.0 (C=O), 151.8 (C=O), 134.9 (C-1), 128.7 (C-3), 128.6 (C-4), 128.4 (C-
2), 67.9 (OCH2), 24.0 (CH3); m/z (EI): 193 (M+, 20%), 108 (50%), 107 (100%), 91 (70%), 
79 (40%), 65 (25%), 51 (18%). 
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5.11 General catalytic procedure for synthesis of aldehydes  
 
3-(2-Bromophenyl)-propionaldehyde, 215.304 
2
1
3
4
5
6
H
O
Br
 
In a typical procedure for the synthesis of the aldehyde, a Young’s tube equipped 
with a stir bar was charged with 2-bromoiodobenzene (2.3 mL, 18.1 mmol), allylalcohol 
(1.8 mL, 27.2 mmol), sodium hydrogencarbonate (2.8 g, 45.0 mmol), tetra-n-
butylammonium chloride (5 g, 18.1 mmol) and palladium acetate (80.2 mg, 2 mol%). 
Under an atmosphere of nitrogen, anhydrous DMF (20 mL) was added and the black 
reaction mixture was heated to 40 oC for 24 hours. Upon completion, the solution was 
cooled to room temperature, diluted with Et2O (30 mL), filtered and the solvents removed 
under reduced pressure. The oily residue was purified by column chromatography to afford 
215 (3.7 g, 97%). Pale yellow oil.; Rf = 0.5 (EtOAc); υmax (thin film, cm-1): 3059, 2935, 
2893, 2823, 2724, 1722, 1681, 1620, 1591, 1566, 1470, 1441, 1407, 1388, 1356, 1283, 
1176, 1127, 1021, 972, 945, 901, 867, 751, 656; δH (400 MHz, CDCl3): 9.81 (1H, s, CHO), 
7.54 (1H, d, J 7.6, H-3), 7.25-7.27 (2H, m, H-4, H-5), 7.08-7.11 (1H, m, H-6),  3.08 (2H, t, 
J 7.6, CH2CHO), 2.81 (2H, t, J 7.6, ArCH2CH2); δC (100 MHz, CDCl3): 201.0 (C=O), 
139.7 (C-1), 132.9 (C-3), 130.5 (C-6), 128.2 (C-4), 127.7 (C-5), 124.3 (C-2), 43.6 (ArCH2), 
28.7 (CH2CHO); m/z (EI): 212 (M+, 2%), 169 (15%), 133 (100%), 105 (30%), 91 (30%), 77 
(30%).  
 
3-(2-Nitrophenyl)-propionaldehyde, 3-(2-Nitrophenyl)-propanal, 226a.305 
2
1
3
4
5
6
NO2
O
H
 
The previous procedure was repeated using 2-iodonitrobenzene (4.5 g, 18.1 mmol), 
allylalcohol (1.8 mL, 27.2 mmol), sodium hydrogencarbonate (2.8 g, 45.0 mmol), tetra-n-
butylammonium chloride (5 g, 18.1 mmol) and palladium acetate (80.2 mg, 2 mol%) to 
afford 226a (2.6 g, 80%). Pale yellow oil.; Rf = 0.1 (Hexanes/ EtOAc, 4:1); υmax (thin film, 
cm-1): 3422, 3067, 2897, 2829, 2727, 1721, 1609, 1576, 1519, 1452, 1344, 1199, 1164, 
1143, 1054, 1022, 850, 785, 742, 704, 662, 635; δH (400 MHz, CDCl3): 9.85 (1H, s, CHO), 
7.98 (1H, d, J 8.0, H-3), 7.58 (1H, t, J 8.0, H-4), 7.43-7.46 (2H, m, H-5, H-6),  3.25 (2H, t, 
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J 7.6, ArCH2), 2.94 (2H, t, J 7.6, CH2CHO); δC (100 MHz, CDCl3): 200.4 (C=O), 149.2 (C-
2), 135.8 (C-1), 133.4 (C-5), 128.5 (C-6), 127.7 (C-4), 125.0 (C-3), 44.5 (CH2CHO), 25.8 
(ArCH2); m/z (EI): 179 (M+, 1<%), 134 (40%), 120 (50%), 92 (60%), 77 (100%), 65 (40%), 
51 (50%).  
 
4-(2-Nitrophenyl)-butyraldehyde, 247a. 
2
1
3
4
5
6
NO2
O
H
 
The previous procedure was repeated using 2-iodonitrobenzene (1.5 g, 6.0 mmol), 3-
butene-1-ol (0.8 mL, 9.3 mmol), sodium hydrogencarbonate (1.2 g, 15.0 mmol), tetra-n-
butylammonium chloride (1.7 g, 6.0 mmol) and palladium acetate (26.2 mg, 2 mol%) to 
afford 247a (1.1 g, 94%). Pale yellow oil.; Rf = 0.4 (Hexanes/ EtOAc, 13:7); υmax (thin film, 
cm-1): 3427, 2940, 2873, 2878, 2827, 2727, 1715, 1609, 1527, 1480, 1409, 1347, 1244, 
1166, 1144, 1054, 957, 859, 786, 743, 704, 665, 635; δH (400 MHz, CDCl3): 9.83 (1H, s, 
CHO), 7.95 (1H, d, J 8.4, H-3), 7.59 (1H, t, J 8.4, H-4), 7.41-7.44 (2H, m, H-5, H-6),  2.97 
(2H, t, J 7.2, ArCH2), 2.60 (2H, t, J 7.2, CH2CHO), 2.01 (2H, quintet, J 7.2, 
ArCH2CH2CH2); δC (100 MHz, CDCl3): 201.8 (C=O), 149.3 (C-2), 136.4 (C-1), 133.1 (C-
5), 131.9 (C-4), 127.4 (C-6), 124.9 (C-3), 43.3 (CH2CHO), 32.2 (ArCH2), 23.1 
(ArCH2CH2); m/z (EI): 193 (M+, 1<%), 158 (10%), 146 (50%), 132 (55%), 130 (70%), 91 
(100%), 77 (75%). Anal. Calcd for C10H11NO3: C, 62.17%: H, 5.74%: N, 7.25%. Found: C, 
62.20%: H, 5.81%: N, 7.19%. 
 
5.12 Synthesis of 2-[2-(2-Bromophenyl)ethyl]-1,3-dioxolane, 216.306 
2
1
3
4
5
6
H
Br
O O
 
A mixture of 3-(2-bromophenyl)propanal 215 (2 g, 10 mmol), ethylene glycol (0.8 
mL, 14 mmol) and toluenesulfonic acid (180 mg, 10 mol%) was refluxed in toluene (50 
mL) for 18 hours using a Dean-Stark apparatus. Saturated NaHCO3 (30 mL) was added and 
the organic layer was extracted with EtOAc (3 x 40 mL), dried over Na2SO4, filtered, and 
evaporated in vacuo. The crude product was purified by flash column chromatography to 
yield the desired acetal (2.3 g, 93%).  Pale yellow oil.; Rf = 0.3 (Hexanes/ EtOAc, 4:1); υmax 
(thin film, cm-1): 2935, 2881, 2796, 1567, 1471, 1439, 1410, 1361, 1140, 1025, 943, 898, 
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751, 657, 386; δH (400 MHz, CDCl3): 7.55 (1H, d, J 8.0, H-3), 7.26-7.29 (2H, m, H-5, H-
6), 7.09 (1H, t, J 8.0, H-4), 4.97 (1H, t, J 4.80, CH), 4.02-4.05 (2H, m, OCH2), 3.90-3.92 
(2H, m, OCH2), 2.89 (2H, t, J 8.0, ArCH2), 2.03-2.07 (2H, m, ArCH2CH2); δC (100 MHz, 
CDCl3): 140.9 (C-1), 132.8 (C-3), 130.3 (C-6), 127.7 (C-4), 127.5 (C-5), 124.5 (C-2), 103.8 
(CH), 65.1 (OCH2), 65.0 (OCH2), 33.8 (ArCH2CH2), 30.6 (ArCH2); m/z (EI): 257 (M+, 
5%), 256 (15%), 177 (30%), 169 (40%), 73 (100%), 45 (20%). 
 
5.13 Synthesis of [2-(2-[1,3]Dioxolan-2-yl-ethyl)-phenyl]-(4-methoxy-phenyl)-amine, 
218. 
2
1
3
4
5
6
H
NH
O O
OMe  
p-Anisidine (369 mg, 3.0 mmol), Pd(OAc)2 (10 mg, 0.020 mmol), NatOBu (270 mg, 
2.8 mmol), bis[2-(diphenylphosphino)phenyl]ether (DPEphos, 22 mg, 0.025 mmol) and the 
1,3-dioxolane protected arylbromide 216 (514 mg, 2.0 mmol), were weighed into a 
Young’s tube and anhydrous degassed toluene (5 mL) was added. The solution was stirred 
at 95 °C overnight. Water (20 mL) and toluene (50 mL) were added and the toluene-phase 
was collected. The solution was dried with Na2SO4 and the solvent removed to give a 
residue, which was purified by column chromatography (566 mg, 95%). Red oil.; Rf = 0.3 
(Hexanes/ EtOAc, 7:3); υmax (thin film, cm-1): 3372, 2951, 2882, 2832, 1599, 1509, 1455, 
1297, 1238, 1179, 1137, 1035, 943, 900, 822, 749; δH (400 MHz, CDCl3): 7.23 (1H, d, J 
7.2, H-3), 7.12-7.15 (2H, m, H-5, H-6), 7.05 (2H, t, J 8.8, Hortho), 6.91-6.97 (3H, m, H-4, 
Hmeta), 5.87 (1H, s, NH), 4.97 (1H, t, J 4.4, CH), 4.06-4.10 (2H, m, OCH2), 3.93-3.95 (2H, 
m, OCH2), 3.84 (3H, s, OCH3), 2.81 (2H, t, J 7.6, ArCH2), 2.07-2.11 (2H, m, ArCH2CH2); 
δC (100 MHz, CDCl3): 154.9 (Cpara), 142.9 (C-2), 136.8 (Cipso), 129.9 (C-6), 128.9 (C-1), 
127.0 (C-4), 121.6 (Cortho), 120.1 (C-3), 116.0 (C-5), 114.7 (Cmeta), 103.7 (CH), 65.1 
(OCH2), 65.0 (OCH2), 55.6 (OCH3), 33.6 (ArCH2CH2), 25.3 (ArCH2); m/z (EI): 299 (M+, 
60%), 238 (100%), 212 (30%), 196 (20%), 180 (25%), 168 (20%). Anal. Calcd for 
C18H21NO3: C, 72.22%: H, 7.07%: N, 4.68%. Found: C, 72.30%: H, 7.01%: N, 4.77%. 
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5.14 N-[(E)-5-(2-Nitro-phenyl)-pent-2-enoyl]-benzamide, 229. 
2
1
3
4
5
6
NO2
N
H
O O
 
The procedure described in section 5.3.2 was repeated using 226a (1.0 g, 5.6 mmol), 
phosphonate ester (1.7 g, 5.6 mmol) and DBU (0.9 mL, 6.2 mmol) to afford 229 (2.09 g, 
57%). White solid. mp. 107-108 oC; Rf = 0.6 (DCM/ EtOAc, 4:1); υmax (thin film, cm-1): 
3268, 2940, 1967, 1706, 1668, 1631, 1525, 1471, 1342, 1251, 1159, 1087, 1002, 971, 921, 
848, 771, 707, 647; δH (400 MHz, CDCl3): 8.63 (1H, s, NH), 7.98 (1H, d, J 8.0, H-3), 7.90 
(2H, d, J 7.2, Hortho), 7.65 (1H, t, J 7.6, Hpara), 7.55 (1H, t, J 7.2, H-5), 7.51-7.59 (3H, m, 
CH2CH=CH, H-4, H-5), 7.42 (2H, t, J 8.0, Hmeta), 7.22-7.28 (2H, m, CH2CH=CH, H-6), 
3.16 (2H, t, J 7.2, ArCH2), 2.76 (2H, q, J 6.0, CH2CH=CH); δC (100 MHz, CDCl3): 167.0 
(C=O), 165.7 (C=O), 149.5 (C-2), 135.8 (CH2CH=CH), 133.3 (C-1), 133.2 (C-5), 132.9 
(Cipso), 132.1 (C-4), 129.0 (Cpara), 129.0 (C-6) 127.7 (Cmeta), 127.5 (Cortho), 125.0 (C-3), 
123.6 (CH2CH=CH), 33.4 (ArCH2CH2), 31.8 (CH2CH2=CH); m/z (EI): 324 (M+, <1%), 278 
(20%), 188 (50%), 105 (100%), 77 (65%). Anal. Calcd for C18H16N2O4: C, 66.66%: H, 
4.97%: N, 8.64%. Found: C, 66.59%: H, 4.91%: N, 8.72%. 
 
5.15 Synthesis of Triethylphosphonoacetate, 231.307 
P
OEt
O
EtO O
EtO  
In a 100 mL round-bottom flask equipped with magnetic stir bar and reflux 
condenser, triethyl phosphite (19.2 mL, 119.4 mmol) was added to ethyl bromoacetate 
(10.0 mL, 39.8 mmol). The reaction mixture was heated under reflux at 80 °C for 30 min, 
during which some ethyl bromide evolved. After the mixture had cooled to room temp., 
ethyl bromide was distilled off at atmospheric pressure (b.p. 37-40 °C). Triethyl 
phosphonoacetate was purified by vacuum distillation at 0.1 Torr. After a small forerun, 
mainly consisting of the excess triethyl phosphite, triethyl phosphonoacetate 231 was 
collected at 85-90 °C. The product was obtained in a quantitative yield (18.75 g, 100%). 
Transparent oil. bp. 88 ºC, 0.1 mmHg (lit.307 80-82 ºC, 0.3 mmHg); υmax (thin film, cm-1):  
2982, 1740, 1445, 1391, 1271, 1117, 1026, 968, 789, 713, 613; δH (400 MHz, CDCl3): 
4.10-4.18 (6H, m, OCH2), 2.92 (2H, d, JH-P 21.6, CH2), 1.22-1.29 (9H, m, CH3); δC (100 
MHz, CDCl3): 165.7 (d, JP 5.8, C=O), 133.5 (d, JP 9.9, Cortho), 131.9 (Cpara), 128.8 (d, JC-P 
11.8, Cmeta), 63.5 (d, JC-P 6.1, OCH2), 61.5 (OCH2), 34.9 (d, JC-P 133.5, PCH2), 16.3 (d, JC-P 
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5.9, CH3), 14.0 (CH3); m/z (EI): 208 (M+, 1<%), 197 (95%), 179 (92%), 151 (75%), 123 
(100%), 109 (50%), 88 (40%).  
 
5.16.1 Synthesis of Ethyl-E-5-(2-nitrophenyl)-2-pentenoate, 232.308 
2
1
3
4
5
6
NO2
OEt
O
 
The procedure described in section 5.3.2 was repeated using triethylphosphonoaceate (1.1 
mL, 5.6 mmol), DBU (956 µL, 6.2 mmol) and aldehyde 226a (1.0 g, 5.6 mmol) to afford 
the desired unsaturated ester (970 mg, 70%). Pale yellow oil.; Rf = 0.5 (Hexanes/ EtOAc, 
7:3); υmax (thin film, cm-1): 3065, 2980, 2870, 1715, 1655, 1609, 1576, 1525, 1346, 1316, 
1268, 1196, 1158, 1094, 1042, 973, 856, 786, 743,  750, 703; δH (400 MHz, CDCl3): 7.93 
(1H, d, J 8.4, H-3), 7.55 (1H, t, J 7.2, H-5), 7.33-7.39 (2H, m, H-4, H-6), 7.02 (1H, dt, J 
6.8, 15.6, CH2CH=CH), 5.86 (1H, dt, J 1.4, 15.6, CH2CH=CH), 4.24 (2H, q, J 6.8, OCH2), 
3.05 (2H, t, J 7.6, ArCH2), 2.60 (2H, q, J 6.8, CH2CH=CH), 1.29 (3H, t, J 6.8, OCH2CH3); 
δC (100 MHz, CDCl3): 166.3 (C=O), 149.2 (C-2), 146.9 (CH2CH=CH), 135.8 (C-1), 133.2 
(C-5), 132.0 (C-6), 127.5 (C-4), 124.9 (C-3), 122.4 (CH=CHCO2Et), 60.4 (OCH2), 32.9 
(ArCH2CH2), 31.7 (CH2CH2=CH), 14.2 (OCH2CH3); m/z (EI): 249 (M+, 10%), 204 (50%), 
185 (55%), 130 (100%), 76 (90%).  
 
 
5.16.2 Synthesis of E-6-(2-Nitro-phenyl)-hex-2-enoicacid-ethylester, 248. 
2
1
3
4
5
6
NO2
OEt
O
 
The procedure described in section 5.3.2 was repeated using triethylphosphonoaceate (1.0 
mL, 5.2 mmol), DBU (780 µL, 5.6 mmol) and aldehyde 247a (1.0 g, 5.2 mmol) to afford 
the desired unsaturated ester (1.2 g, 83%). Pale yellow oil.; Rf = 0.5 (Hexanes/ EtOAc, 4:1); 
υmax (thin film, cm-1): 2940, 1714, 1652, 1610, 1577, 1525, 1446, 1346, 1035, 858, 787, 
665, 462; δH (400 MHz, CDCl3): 8.03 (1H, d, J 8.4, H-3), 7.55 (1H, t, J 7.6, H-5), 7.33-7.38 
(2H, m, H-4, H-6), 7.01 (1H, dt, J 6.8, 15.6, CH2CH=CH), 5.87 (1H, dt, J 1.4, 15.6, 
CH2CH=CH), 4.22 (2H, q, J 7.2, OCH2), 2.93 (2H, t, J 7.6, ArCH2), 2.33 (2H, q, J 7.6, 
CH2CH=CH), 1.88 (2H, quintet, J 7.6, ArCH2CH2CH2) 1.31 (3H, t, J 7.2, CH3); δC (100 
MHz, CDCl3): 166.5 (C=O), 149.3 (C-2), 148.0 (CH2CH=CH), 136.7 (C-5), 132.9 (C-1), 
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131.9 (C-6), 127.2 (C-4), 124.8 (C-3), 122.0 (CH=CHCO2Et), 60.2 (OCH2), 32.5 
(CH2CH2=CH), 31.9 (ArCH2CH2), 28.9 (ArCH2CH2), 14.3 (OCH2CH3); m/z (EI): 263 (M+, 
15%), 228 (25%), 218 (70%), 182 (55%), 172 (95%), 127 (100%), 118 (95%), 99 (80%), 
91 (75%), 77 (65%). Anal. Calcd for C14H17NO4: C, 63.87%: H, 6.51%: N, 5.32%. Found: 
C, 63.85%: H, 6.59%: N, 5.41%. 
 
5.17 Synthesis of 2-(2-Nitrophenyl)-ethanol, 235.309 
2
1
3
4
5
6
NO2
OH
 
To a stirred solution of 2-nitrotoluene (22 mL, 182 mmol) in DMSO (455 mL) were 
added para-formaldehyde (16 g , 540 mmol) and KOH (85% aqueous solution, 45 mL, 0.45 
mol) drop-wise over 10 minutes at 0 °C, and then the reaction mixture was stirred for an 
additional 5 hours. The reaction mixture was poured into sat. NH4Cl and extracted with 
chloroform (4 x 100 mL). The extracts were washed with brine, dried over Na2SO4, filtered, 
and evaporated in vacuo. The crude product was purified by flash column chromatography 
on silica gel (5-50% EtOAc in Hexane) to give 2-(2-nitrophenyl)ethanol 235 (7 g, 23%). 
Pale yellow oil.; Rf = 0.2 (Hexanes/ EtOAc, 4:1); υmax (thin film, cm-1): 3356, 2944, 2884, 
1610, 1577, 1529, 1480, 1444, 1347, 1165, 1143, 1044, 955, 879, 861, 817, 787, 742, 703, 
665, 582, 428; δH (400 MHz, CDCl3): 7.93 (1H, d, J 8.0, H-3), 7.58 (1H, t, J 8.0, H-4), 
7.42-7.47 (2H, m, H-5, H-6), 3.94 (2H, t, J 6.4, CH2OH), 3.18 (2H, t, J 6.4, ArCH2), 2.20 
(1H, br s, OH); δC (100 MHz, CDCl3): 149.7 (C-2), 133.0 (C-1), 132.8 (C-5), 127.6 (C-6), 
124.8 (C-4), 124.7 (C-3), 62.8 (CH2OH), 36.1 (ArCH2); m/z (EI): 167 (M+, 5%), 137 
(55%), 120 (100%), 92 (45%), 77 (30%), 65 (40%), 51 (20%).  
 
5.18 Synthesis of 2-Nitro-phenyl-acetaldehyde, 236.259 
2
1
3
4
5
6
NO2
O
H
 
To a solution of 2-nitrophenethyl alcohol 235 (1 g, 6 mmol) in dry DCM (50 mL) 
was added PCC (1.9 g, 9 mmol). The resultant mixture was stirred at room temperature for 
3 h and dried over MgSO4. The filtrate was concentrated to dryness under reduced pressure 
and the residual material was purified by column chromatography to give 2-
nitrophenylacetaldehyde 236 (720 mg, 73%). Pale yellow oil.; Rf = 0.3 (Hexanes/ EtOAc, 
4:1); υmax (thin film, cm-1): 3068, 2842, 1727, 1611, 1526, 1348, 1167, 1034, 937, 858, 789, 
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733, 664; δH (400 MHz, CDCl3): 9.86 (1H, s, CHO), 8.16 (1H, d, J 9.6, H-3), 7.66 (1H, t, J 
7.6, H-5), 7.53 (1H, t, J 9.6, H-4), 7.36 (1H, d, J 7.6, H-6),  4.14 (2H, s, CH2); δC (100 
MHz, CDCl3): 196.8 (C=O), 148.9 (C-2), 133.9 (C-3), 133.5 (C-6), 128.9 (C-5), 128.5 (C-
1), 125.4 (C-4) 48.5 (CH2); m/z (EI): 165 (M+, 1<%), 137 (30%), 120 (100%), 107 (30%), 
92 (80%), 89 (50%), 65 (82%), 51 (50%).  
 
5.19 Synthesis of Triphenyl-λ5-phospanyllidene 237.310 
OEt
O
Br-
+
Ph3P
 
Ethylbromoacetate (6.4 mL, 57.3 mmol) was placed in a 250-mL round-bottom 
flask equipped with a stir bar and a condenser. Toluene (100 mL) and PPh3 (15.0 g, 57.3 
mmol) was added, and the mixture was heated to 80 °C under nitrogen for 18 h. The 
mixture was cooled to room temperature, and the precipitated triphenylphosphine salt 
(Ethoxycarbonyl-methyl-triphenylphosphonium bromide) (23.8 g, 97%) was collected by 
filtration and used without further purification. White solid. mp. 158-160 oC (lit.311 153-155 
oC); υmax (KBr disc, cm-1):  3003, 2766, 1710, 1485, 1436, 1304, 1196, 1160, 1110, 1019, 
856, 754, 722, 691, 500; δH (400 MHz, CDCl3): 7.64-7.90 (15H, m, Ph), 5.52 (2H, d, JH-P 
14.0, CH2), 4.04 (2H, q, J 7.2, CH2), 1.05 (3H, t, J 7.2, CH3); δC (100 MHz, CDCl3): 164.5 
(d, JP 3.2, C=O), 135.2 (Cpara), 134.1 (d, JC-P 10.4, Cmeta), 130.4 (d, JC-P 13.4, Cortho), 118.4 
(d, JC-P 88.2, Cipso), 62.9 (CH2), 33.5 (d, JC-P 55.5, CH2), 13.8 (CH3); m/z (ESI): 349 (M+, 
100%), 79 (M-, 100%).  
Ph3P
OEt
O
 
The phosphonium salt (5 g, 11.6 mmol) was dissolved in DCM (200 mL), and 
transferred to a separatory funnel.  Aqueous KOH (1.2 g, in 200 mL water) was added, and 
the separatory funnel was shaken vigorously to ensure complete mixing.  During this step, 
the DCM layer developed a bright yellow colour, while the aqueous layer became cloudy 
white. The DCM layer was collected, dried with Na2SO4, filtered, and evaporated to give 
the desired Wittig reagent 237 (3.3 g, 81%), which could be stored  in the dark at room 
temperature in a closed container. White solid. mp. 129-130 oC (lit.310 126-127 oC); υmax 
(KBr disc, cm-1):  3055, 2976, 2901, 1606, 1482, 1437, 1371, 1308, 1121, 1106, 890, 717, 
695, 506; δH (400 MHz, CDCl3): 7.46-7.69 (15H, m, Ph), 4.07 (2H, q, J 7.0, CH2), 3.86 
(1H, d, JH-P 23.8, CH), 1.26 (3H, t, J 7.0, CH3); δC (100 MHz, CDCl3): 172.5 (d, JC-P 14.0, 
C=O), 133.5 (d, JC-P 9.9, Cortho), 131.9 (Cpara), 128.8 (d, JC-P 11.8, Cmeta), 128.8 (d, JC-P 35.9, 
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Cipso), 58.0 (CH2), 37.9 (d, JC-P 30.5, CH), 15.1 (CH3); m/z (EI): 348 (M+, 25%), 303 (60%), 
301 (100%), 275 (70%), 183 (50%), 165 (25%), 77 (15%).  
 
5.20 Synthesis of 4-(2-Nitrophenyl)-but-2-enoicacid-ethylester, Ethyl-4-(2-
nitrophenyl)-but-2-enoate, 238.312 
2
1
3
4
5
6
NO2
OEt
O
 
In a oven dried 100 mL three-necked round-bottom flask equipped with a dropping 
funnel and a stir bar was charged a solution of 236 (0.34 g, 1.3 mmol in 15 mL of DCM). 
237 (0.69 g, 1.95 mmol) diluted in DCM (15 mL) was placed in a dropping funnel and 
added drop-wise over 1 hour to the stirred suspension at -10 oC under an nitrogen 
atmosphere. The resulting mixture was stirred for 2 h and the solvent was evaporated under 
reduced pressure. The solid residue was dissolved in 50 mL of hexane and the mixture was 
then stirred at 25 oC for 0.5 h. The Ph3PO was filtered off and the filtrate was removed 
under reduced pressure. The oily residue was purified by flash chromatography to afford a 
4.5:1 ratio of 238:239. Pale yellow oil.; Rf = 0.3 (Hexanes/ EtOAc, 4:1); υmax (thin film, cm-
1): 2983, 1721, 1639, 1529, 1347, 1292, 1347, 1292, 1183, 1035, 976, 858, 787, 742, 664; 
δH (400 MHz, CDCl3): 8.04 (1H, d, J 8.0, H-3), 7.57-7.62 (1H, m, H-5), 7.36-7.45 (2H, m, 
H-4, H-6), 7.16 (1H, dt, J 6.4, 15.6, CH2CH=CH), 5.86 (1H, dt, J 1.2, 15.6, CH2CH=CH), 
4.24 (2H, q, J 6.8, OCH2), 3.87 (2H, d, J 6.4, ArCH2),  1.31 (3H, t, J 6.8, OCH2CH3); δC 
(100 MHz, CDCl3): 171.1 (C=O), 147.7 (C-2), 133.2 (C-5), 133.0 (CH2CH=CH), 132.3 (C-
4), 128.5 (C-1), 127.5 (C-6), 125.2 (C-3), 124.5 (CH2CH=CH), 60.5 (OCH2), 38.3 
(ArCH2), 14.2 (CH3); m/z (EI): 235 (M+, 5%), 190 (25%), 172 (25%), 162 (50%), 120 
(100%), 116 (90%), 92 (45%), 77 (35%).  
 
4-(2-Nitrophenyl)-but-2-enoicacid-ethylester, Ethyl-4-(2-nitrophenyl)-but-2-enoate, 239. 
2
1
3
4
5
6
NO2
OEt
O
 
Pale yellow oil.; Rf = 0.3 (Hexanes/ EtOAc, 4:1); υmax (thin film, cm-1): 2983, 1721, 1639, 
1529, 1347, 1292, 1347, 1292, 1183, 1035, 976, 858, 787, 742, 664; δH (400 MHz, CDCl3): 
7.95 (1H, d, J 8.0, H-3), 7.67 (1H, t, J 7.6, H-5), 7.36-7.45 (2H, m, H-4, H-6), 7.03 (1H, d, 
J 15.6, CH2CH=CH), 6.39 (1H, dt, J 7.2, 15.6, CH2CH=CH), 4.24 (2H, q, J 6.8, OCH2), 
3.34 (2H, d, J 7.2, CH2),  1.31 (3H, t, J 6.8, OCH2CH3); δC (100 MHz, CDCl3): 166.1 
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(C=O), 144.9 (C-2), 133.5 (C-5), 132.5 (CH2CH=CH), 128.8 (C-4), 128.2 (C-1), 127.5 (C-
6), 124.5 (C-3), 123.3 (CH2CH=CH), 60.9 (OCH2), 35.6 (CH2), 14.2 (CH3); m/z (EI): 235 
(M+, 5%), 190 (25%), 172 (25%), 162 (50%), 120 (100%). 116 (90%), 92 (45%), 77 (35%).  
 
5.21 General procedure for the tandem reduction-aza-Michael addition 
reaction. 
 
To a solution of the substrate 248, 238 or 232 (1 mmol) in THF (5 mL) and distilled 
water (2.5 mL) was added SnCl2.2H2O (4 mmol). The reaction mixture was heated under 
reflux for 2-5 hours. The reaction was monitored by TLC analysis. After cooling to room 
temperature, the solution was poured onto ice and treated with a solution of 5% NaHCO3 in 
water (20 mL) until the pH was between 7-8. EtOAc (20 mL) was then added and the white 
precipitate was filtered off. The product was then extracted with EtOAc (3 x 20 mL). The 
combined organic layers were dried over Na2SO4, filtered and the solvent was removed 
under reduced pressure to leave the crude product, which was further purified by column 
chromatography. 
 
(1,2,3,4-Tetrahydro-quinolin-2-yl)aceticacid-ethylester, 233.256 
2
7 3
4
5
6
H
N
O
OEt
8
9
10
 
The product was obtained as a pale yellow oil (187 mg, 85%).; Rf = 0.3 (Hexanes/ EtOAc, 
4:1); υmax (thin film, cm-1): 3396, 2981, 2934, 2846, 1726, 1607, 1586, 1485, 1445, 1351, 
1275, 1188, 1114, 1028, 931, 853, 810, 749; δH (400 MHz, CDCl3): 7.04-7.09 (2H, m, H-6, 
H-8), 6.69 (1H, t, J 6.4, H-7), 6.56 (1H, d, J 8.0, H-9), 4.54 (1H, br s, NH), 4.25 (2H, q, J 
6.8, OCH2), 3.77-3.80 (1H, m, H-2), 2.89-2.91 (1H, m, H-4), 2.79-2.83 (1H, m, H-4), 2.56 
(2H, d, J 6.0, CH2), 1.99-2.02 (1H, m, H-3), 1.77-1.80 (1H, m, H-3), 1.35 (3H, t, J 6.8, 
OCH2CH3); δC (100 MHz, CDCl3): 172.3 (C=O), 144.1 (C-10), 129.3 (C-8), 126.9 (C-6), 
120.9 (C-5), 117.4 (C-7), 114.6 (C-9), 60.6 (OCH2), 47.8 (C-2), 41.0 (CH2CO2Et), 28.1 (C-
4), 25.7 (C-3), 14.3 (OCH2CH3); m/z (EI): 219 (M+, 15%), 166 (10%), 144 (8%), 132 
(100%), 130 (12%). 
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(2,3-Dihydro-1H-indol-2yl)aceticacid-ethylester, 246.256 
27
34
5
6
H
N
O
OEt
8 9
 
The product was obtained as a pale yellow oil (141 mg, 82%).; Rf = 0.5 (Hexanes/ EtOAc, 
7:3); υmax (thin film, cm-1): 3356, 2940, 1622, 1456, 1315, 1262, 1157, 1043, 935, 869, 751; 
δH (400 MHz, CDCl3): 7.12 (1H, d, J 7.6, H-5), 7.09 (1H, t, J 7.6, H-7), 6.79 (1H, t, J 7.6, 
H-6), 6.73 (1H, d, J 7.6, H-8), 5.67 (1H, br s, NH), 4.28-4.31 (1H, m, H-2), 4.22 (2H, q, J 
7.2, OCH2), 3.26 (1H, dd, J 8.4, 15.2, CH2CO), 2.77-2.68 (3H, m, CH2C(O), H-3), 1.32 
(3H, t, J 7.2, OCH2CH3); δC (100 MHz, CDCl3): 172.1 (C=O), 148.3 (C-9), 128.8 (C-4), 
127.7 (C-5), 124.8 (C-7), 120.3 (C-6), 110.9 (C-8), 60.8 (OCH2), 56.0 (C-2), 40.2 
(CH2CO), 35.7 (C-3), 14.2 (OCH2CH3); m/z (EI): 205 (M+, 30%), 152 (20%), 130 (20%), 
118 (100%), 91 (10%). 
 
2-Methyl-indole.267 
27
34
5
6
H
N
8 9
 
The by-product was obtained as a white solid (12 mg, 7%).; Rf = 0.4 (Hexanes/ DCM, 7:3); 
υmax (KBr disc, cm-1): 3470, 3406, 3059, 2923, 2246, 1556, 1455, 1404, 1340, 1285, 1214, 
1014, 907, 783, 731, 649, 626; δH (400 MHz, CDCl3): 7.86 (1H, br s, NH), 7.56 (1H, d, J 
7.2, H-5), 7.33 (1H, d, J 8.0, H-8), 7.16 (1H, t, J 8.0, H-7), 7.12 (1H, t, J 7.2, H-6), 6.26 
(1H, s, H-3), 2.48 (3H, s, CH3); δC (100 MHz, CDCl3): 136.1 (C-9), 135.0 (C-2), 129.1 (C-
4), 120.9 (C-6), 119.6 (C-5, C-7), 110.2 (C-8), 100.4 (C-3), 13.8 (CH3); m/z (EI): 131 (M+, 
80%), 130 (100%), 103 (10%), 84 (10%), 77 (15%). 
 
E-6-(2-Amino-phenyl)-hex-2-enoicacid-ethylester, 249. 
2
1
3
4
5
6
NH2
OEt
O
 
The product was obtained as a pale yellow oil (161 mg, 73%).; Rf = 0.5 (Hexanes/ EtOAc, 
7:3); υmax (thin film, cm-1): 3375, 2890, 2862, 1711, 1651, 1624, 1497, 1457, 1368, 1273, 
1186, 1154, 1093, 1039, 978, 860, 750; δH (400 MHz, CDCl3): 7.04-7.11 (3H, m, 
CH2CH=CH, H-5, H-6), 6.78 (1H, t, J 7.6, H-4), 6.71 (1H, d, J 7.6, H-3), 5.90 (1H, dt, J 
198 
 
1.4, 15.6, CH2CH=CH), 4.24 (2H, q, J 6.8, OCH2), 3.62 (2H, br s, NH2), 2.56 (2H, t, J 7.6, 
ArCH2), 2.33 (2H, q, J 7.6, CH2CH=CH), 1.86 (2H, quintet, J 7.6, ArCH2CH2CH2) 1.33 
(3H, t, J 6.8, OCH2CH3); δC (100 MHz, CDCl3): 166.6 (C=O), 148.6 (CH2CH=CH), 144.1 
(C-2), 129.5 (C-6), 127.2 (C-4), 125.7 (C-1), 121.8 (CH2CH=CH), 118.8 (C-5), 115.7 (C-
3), 60.2 (OCH2), 31.9 (CH2CH2=CH), 30.6 (ArCH2CH2), 26.9 (ArCH2CH2), 14.3 
(OCH2CH3); m/z (EI): 233 (M+, 30%), 106 (100%), 77 (20%). Anal. Calcd for C14H19NO2: 
C, 72.07%: H, 8.21%: N, 6.00%. Found: C, 71.98%: H, 8.29%: N, 5.97%. 
 
5.22 Synthesis of (1H-Indol-2-yl)-aceticacid-ethylester, 240.260 
27
34
5
6
H
N
O
OEt
8 9
 
A 50 mL round-bottom flask, equipped with magnetic stir bar and rubber septum, 
was charged with a solution of 238 and 239 (310 mg, 1.3 mmol) in absolute ethanol (20 
mL). To the solution Pd/C (10%, 100 mg) was added and the reaction mixture was exposed 
to hydrogen using a balloon. The mixture was vigorously stirred overnight and then filtered 
through a plug of celite. The celite, which was rinsed with additional ethanol. The filtrate 
was concentrated and evaporation was continued to dryness yielding the 2-substituted 
indole (194 mg, 73%). Pale yellow oil.; Rf = 0.5 (Hexanes/ EtOAc, 7:3); υmax (thin film, cm-
1): 3398, 2982, 1728, 1456, 1424, 1370, 1289, 1200, 1029, 747, 640; δH (400 MHz, 
CDCl3): 8.70 (1H, br s, NH), 7.58 (1H, d, J 8.0, H-5), 7.38 (1H, d, J 8.0, H-8), 7.20 (1H, t, 
J 8.0, H-7), 7.13 (1H, t, J 8.0, H-6), 6.38 (1H, s, H-3), 4.27 (2H, q, J 7.2, OCH2), 3.86 (2H, 
s, CH2CO), 1.34 (3H, t, J 7.2, OCH2CH3); δC (100 MHz, CDCl3): 170.6 (C=O), 136.3 (C-
9), 130.6 (C-2), 128.2 (C-4), 121.7 (C-6), 120.1 (C-5), 119.8 (C-7), 110.8 (C-8), 101.8 (C-
3), 61.4 (OCH2), 34.0 (CH2CO), 14.2 (OCH2CH3); m/z (EI): 203 (M+, 50%), 146 (10%), 
130 (100%), 103 (10%), 77 (15%). 
 
5.23 Synthesis of Ethyl quinoline N-oxide-2-carboxylate, 245. 
2
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6
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A 50-mL round-bottom flask equipped with a magnetic stir bar was charged with a 1:2 
mixture of 238 and 239 (100 mg, 0.43 mmol). Absolute ethanol (15 mL) was added, 
followed by potassium tert-butoxide (5 mg, 0.044 mmol) and the reaction mixture was left 
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to stir at room temperature for 2 hours. Upon completion, the solvent was concentrated 
under vacuum and the oily residue purified by column chromatography to afford 245 (76 
mg, 83%). Pale yellow oil; Rf = 0.3 (Hexanes/ EtOAc, 4:1); δH (400 MHz, CDCl3): 8.82 
(1H, d, J 8.8, H-9), 7.91 (1H, d, J 8.0, H-6), 7.84 (1H, t, J 7.2, H-8), 7.70-7.76 (2H, m, H-3, 
H-7), 7.61 (1H, d, J 8.4, H-4), 4.59 (2H, q, J 6.8, OCH2), 1.65 (3H, t, J 6.8, OCH2CH3); δC 
(100 MHz, CDCl3): 162.4 (C=O), 142.5 (C-10), 137.8 (C-2), 130.9 (C-5), 130.6 (C-8), 
129.7 (C-7), 128.2 (C-4), 124.7 (C-6), 121.1 (C-9), 120.3 (C-3), 62.6 (OCH2), 14.2 
(OCH2CH3); m/z (CI): 218 ([M+H]+, 100%), 202 ([M-16]+, 20%). 
 
5.24 Synthesis of 5-Hydroxy-pentanal, Tetrahydro-pyran-2-ol.313 
2
3
4
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O OH
 
In a 3-necked 250 mL round-bottom flask equipped with magnetic stir bar, 3,4-
dihydro-2H-pyran (8.3 g, 100 mmol) was added drop-wise to a solution of 2 M HCl (20 
mL) at 0 °C over 30 min. The mixture was then allowed to warm to room temperature, 
stirred for an additional 1 h, neutralized with saturated NaHCO3, and then extracted with 
DCM (2 x 20 mL). The combined extracts were dried over Na2SO4, filtered, concentrated in 
vacuo and the residue was used without further purification (6.3 g. 94%) Transparent oil.; 
υmax (thin film, cm-1):  3389, 2943, 2854, 1456, 1354, 1275, 1196, 1171, 1138, 1115, 1076, 
1026, 978, 913, 866, 805; δH (400 MHz, CDCl3): 4.85 (1H, s, H-5), 4.47 (1H, br s, OH), 
3.96-3.99 (1H, m, H-1), 3.50-3.58 (1H, m,  H-1), 1.71-1.82 (2H, m, H-4), 1.49-1.53 (4H, m, 
H-2, H-3); δC (100 MHz, CDCl3): 94.6 (C-5), 63.8 (C-1), 31.9 (C-4), 25.4 (C-2), 19.7 (C-
3); m/z (EI): 102 (M+, 5%), 101 (10%), 85 (100%), 67 (10%), 56 (70%), 55 (40%), 44 
(25%).  
 
5.25 Synthesis of N-Benzyl(triphenylphosphoranylidene)-acetamide, 256.314 
1
2
3N
H
O O
4
Cl-
+
Ph3P
 
Benzamide (12.1 g, 100 mmol) and chloroacetyl chloride (8.20 mL, 103 mmol) 
were placed in to a 100-mL round bottom flask equipped with a magnetic stir bar and 
condenser, and the mixture was heated to 110 °C under a nitrogen atmosphere. Within 10 
minutes, the mixture became homogeneous, then gradually became orange and solidified. 
After 45 min, the mixture was cooled and volatile by-products were removed under 
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vacuum. The solid residue was triturated with Et2O (30 mL), and the product was collected 
by filtration to yield N-(chloroacetyl)benzamide; yield: (16.5 g, 85%), which was employed 
in the next step without further purification. N-(chloroacetyl)benzamide (5 g, 25.0 mmol) 
was placed in a 100-mL flask equipped with a stir bar and an air-cooled condenser. PPh3 
(6.6 g, 25.0 mmol) was added, and the mixture was heated to 90 °C under nitrogen for 18 h. 
Upon completion, the solution was allowed to cool to room temperature, and the toluene 
reduced under vacuo to afford a gummy material, which was recrystallised from DCM/Et2O 
(1:4, 80 mL) to afford the phosphine salt 2-(benzoylamino-2-oxoethyl)-
triphenylphosphoniumchloride, 255 (10.5 g, 90%). White solid. mp. 215-216 oC (lit.314 215-
217 oC,); υmax (KBr disc, cm-1): 3057, 3005, 2878, 1737, 1599, 1517, 1488, 1435, 1376, 
1321, 1252, 1137, 1106, 1070, 1028, 994, 863, 755, 710, 690, 501; δH (400 MHz, CDCl3): 
12.45 (1H, s, NH), 8.29 (2H, d, J 7.6, H-2), 7.81-7.87 (6H, m, Ar-H), 7.73-7.79 (3H, m, Ar-
H, H-4), 7.52-7.67 (7H, m, Ar-H), 7.46 (2H, t, J 7.6, H-3), 5.71 (2H, d, JH-P 13.6, CH2); δC 
(100 MHz, CDCl3): 165.8 (PhC=O), 163.6 (d, JC-P 4.6, CHC=O), 135.2 (C-1), 134.1 (d, JC-P 
10.2, Cortho), 133.2 (Cpara), 131.9 (C-4), 130.4 (d, JC-P 13.0, Cmeta), 129.3 (d, JC-P 81.4, Cipso), 
118.4 (C-3), 117.5 (C-2), 34.3 (d, JC-P 56.5, CH2); δP (166 MHz, CDCl3): +21.6; m/z (ESI): 
424 (M+, 100%), 35.5 (M-, 100%). 
1
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255 (5 g, 11.8 mmol) was dissolved in DCM (200 mL), and transferred to a 
separatory funnel. Aqueous KOH (1.0 g, in 200 mL water) was added, and the biphasic 
solution was shaken vigorously to ensure complete mixing.  During this step, the organic 
layer developed a bright yellow colour, while the aqueous layer became cloudy white.  The 
organic layer was collected, dried with Na2SO4, filtered, and evaporated to give the desired 
Wittig reagent 256 (1.7 g, 33%). White solid. decomposed. 246 oC; υmax (KBr disc, cm-1): 
3008, 1969, 1822, 1661, 1563, 1467, 1386, 1302, 1296, 1184, 1142, 1106, 988, 900, 853, 
750, 689, 594, 512; δH (400 MHz, CDCl3): 8.25 (1H, d, JH-P 4.0, NH), 7.88 (2H, d, J 7.6, H-
2), 7.60-7.76 (6H, m, Ar-H), 7.51-7.58 (3H, m, Ar-H, H-4), 7.42-7.50 (7H, m, Ar-H), 7.40 
(3H, t, J 7.6, H-3), 5.12 (1H, d, JH-P 24.8, CH); δC (100 MHz, CDCl3): 166.8 (d, JC-P 8.6, 
CHC=O), 165.9 (PhC=O), 134.9 (C-1), 133.2 (d, JC-P 10.3, Cortho), 132.2 (Cpara), 131.7 (C-
4), 128.9 (d, JC-P 12.5, Cmeta), 128.8 (d, JC-P 137.1, Cipso), 127.3 (C-3), 126.4 (C-2), 42.7 (d, 
JC-P 117.8, CH); δP (166 MHz, CDCl3): +18.03; m/z  (EI): 423 (M+, 25%), 352 (30%), 301 
(100%), 262 (75%), 183 (50%), 105 (50%), 77 (50%). 
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5.26 Synthesis of N-(2-Tetrahydro-pyran-2-yl-acetyl)-benzamide, 254. 
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A 250 mL two-necked round-bottom flask was equipped with magnetic stir bar, 
reflux condenser, was charged 285 (7.44 g, 17.6 mmol). The air was purged and filled with 
nitrogen three times. Toluene (150 mL) was added followed by tetrahydro-pyran-2-ol (1.50 
g, 14.7 mmol) and the reaction solution was refluxed at 100 °C for 18 h. Thereafter, the 
toluene was evaporated under reduced pressure and the residue diluted with Et2O (100 mL). 
The precipitate (Ph3P=O) was filtered off and washed with a small amount of Et2O. The 
filtrate was then concentrated and the resulting oil was purified by flash chromatography 
(839 mg, 23%). White crystalline solid. mp. 127-128 oC; Rf = 0.8 (Et2O/ DCM, 1:1); υmax 
(KBr disc, cm-1):  3283, 3071, 2940, 2871, 1681, 1599, 1508, 1468, 1402, 1357, 1298, 
1276, 1209, 1170, 1089, 1063, 1041, 988, 939, 905, 801, 766. 704, 645, 582; δH (400 MHz, 
CDCl3): 9.71 (1H, s, NH), 7.88 (2H, d, J 7.2, Hortho), 7.64 (1H, t, J 7.2, Hpara), 7.54 (2H, t, J 
7.2, Hmeta), 4.14 (1H, d, J 11.2, H-7endo), 3.85-3.88 (1H, m, H-3), 3.62 (1H, td, J 3.2, 11.2, 
H-7exo), 2.93 (1H, dd, J 8.4, 16.0, CH2), 2.83 (1H, dd, J 3.2, 16.0, CH2), 1.93-1.97 (1H, m, 
H-6exo), 1.74 (1H, d, J 12.4, H-4exo), 1.64-1.58 (4H, m, H-4endo, H-5, H-6endo); δC (100 MHz, 
CDCl3): 171.0 (C=O), 164.8 (PhC=O), 133.2 (Cipso), 133.0 (Cpara), 128.9 (Cmeta), 127.5 
(Cortho), 74.1 (C-3), 68.8 (C-7), 44.6 (CH2), 31.6 (C-4), 25.6 (C-6), 23.2 (C-5); m/z (EI): 247 
(M+, 15%), 205 (70%), 122 (60%), 105 (100%), 98 (90%), 85 (40%), 77 (65%). Anal. 
Calcd for C14H17NO3: C, 68.00%: H, 6.93%: N, 5.66%. Found: C, 68.04%: H, 6.93%: N, 
5.55%. 
 
5.27 General procedure for synthesis of hydroxy unsaturated esters  
 
7-Hydroxy-hept-2-enoic acid-ethylester, 257a.275 
2
7 3
4HO OEt
O
5
6  
Tetrahydropyran-2-ol (1 g, 9.8 mmol), Triethylphosphonoacetate (4.4 g, 12.3 
mmol), and DCM (30 mL) were mixed together in a dry 100 mL round-bottom flask 
equipped with magnetic stir bar under nitrogen atmosphere. The solution was stirred at 
room temperature for 18 hours, and then it was concentrated. The resulting solid was taken 
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up in n-hexane (40 mL), and the suspension was stirred for 0.5 hours. The solid was filtered 
off and washed with n-hexane. The filtrate was concentrated and purified by column 
chromatography to afford the unsaturated ester 257a (677 mg, 80%). Transparent oil; Rf = 
0.3 (Hexanes/ EtOAc, 3:2); υmax (thin film, cm-1): 3365, 2920, 1711, 1655, 1457, 1369, 
1304, 1192, 1043, 982, 863, 808, 735; δH (400 MHz, CDCl3): 6.98 (1H, dt, J 7.2, 15.6, H-
3), 5.85 (1H, dt, J 1.6, 15.6, H-2), 4.21 (2H, q, J 6.8, OCH2), 3.69 (2H, t, J 6.0, H-7), 2.28 
(2H, q, J 7.2, H-4), 1.47-1.62 (4H, m, H-5, H-6), 1.31 (3H, t, J 6.8, OCH2CH3); δC (100 
MHz, CDCl3): 166.7 (C=O), 148.5 (C-3), 121.6 (C-2), 62.5 (C-7), 60.2 (OCH2), 32.0 (C-4), 
31.8 (C-6) 25.3 (C-5), 14.3 (OCH2CH3); m/z (EI): 172 (M+, 2%), 154 (4%), 126 (70%), 81 
(100%), 68 (40%), 55 (50%).  
 
6-Hydroxy-hexen-2-enoic acid-ethylester, 257b.274 
2
3
4 OEt
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The previous procedure was modified for the synthesis of 257b. Triethylphosphonoacetate 
(7.7 g, 22.2 mmol) and 2-hydroxy-tetrahydrofuran (1.5 g, 17.1 mmol), were refluxed in 
anhydrous toluene for 18 hours. Upon completion the product was isolated column 
chromatography by   afford 287b (2.0 g, 74%). Transparent oil.; Rf = 0.2 (Hexanes/ EtOAc, 
3:2); υmax (thin film, cm-1): 3384, 2939, 1710, 1656, 1445, 1369, 1274, 1197, 1097, 1044, 
981, 917, 711; δH (400 MHz, CDCl3): 6.97 (1H, dt, J 7.2, 15.6, H-3), 5.88 (1H, dt, J 1.6, 
15.6, H-2), 4.23 (2H, q, J 6.8, OCH2), 3.70 (2H, t, J 6.0, H-6), 2.34 (2H, q, J 7.2, H-4), 
1.74-1.79 (3H, br m, H-5, OH), 1.32 (3H, t, J 6.8, OCH2CH3); δC (100 MHz, CDCl3): 166.7 
(C=O), 148.5 (C-3), 121.8 (C-2), 61.9 (C-6), 60.2 (OCH2), 30.9 (C-4), 28.5 (C-5), 14.3 
(OCH2CH3); m/z (EI): 158 (M+, 5%), 127 (55%), 112 (98%), 84 (50%), 67 (100%), 55 
(65%).  
 
5.28 General procedure for oxidation of alcohols 
 
7-Oxo-hept-2-enoicacid-ethylester, 258a.275  
27
3
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To a solution of 257a (200 mg, 1.2 mmol) in 50 mL of dry DCM was added PCC 
(375 mg, 1.7 mmol). The resultant reaction mixture was stirred at room temperature for 3 
hours and dried over MgSO4. The filtrate was concentrated to dryness under reduced 
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pressure and the residual material was purified by column chromatography to give the 
aldehyde 258a (157 mg, 79%). Transparent oil.; Rf = 0.2 (DCM); υmax (thin film, cm-1): 
2982, 2938, 1720, 1654, 1312, 1268, 1193, 1043, 984, 852; δH (400 MHz, CDCl3): 9.78 
(1H, s, CHO), 6.95 (1H, dt, J 7.2, 15.6, H-3), 5.85 (1H, dt, J 1.6, 15.6, H-2), 4.21 (2H, q, J 
6.8, OCH2), 2.51 (2H, t, J 7.2, H-6), 2.28 (2H, q, J 7.2, H-4), 1.84 (2H, quintet, J 7.2, H-5), 
1.30 (3H, t, J 6.8, OCH2CH3); δC (100 MHz, CDCl3): 201.6 (CHO), 166.4 (C=O), 147.5 
(C-3), 122.3 (C-2), 60.2 (OCH2), 43.2 (C-6), 31.2 (C-4) 20.3 (C-5), 14.2 (OCH2CH3); m/z 
(EI): 170 (M+, 1<%), 127 (40%), 124 (60%), 114 (90%), 99 (85%), 81 (100%), 68 (70%).  
 
Synthesis of Ethyl-6-oxo-E-2-hexenoate, 258b.315 
2
3
4 OEt
O
5
6H
O  
The previous procedure was repeated using 257b (450 mg, 2.8 mmol) and PCC (918 mg, 
4.3 mmol) to give the aldehyde 258b (324 mg, 73%). Transparent oil.; Rf = 0.2 (DCM); 
υmax (thin film, cm-1): 3423, 2983, 2729, 1719, 1654, 1368, 1272, 1163, 1097, 981; δH (400 
MHz, CDCl3): 9.79 (1H, s, CHO), 6.96 (1H, dt, J 7.2, 15.6, H-3), 5.86 (1H, dt, J 1.6, 15.6, 
H-2), 4.20 (2H, q, J 6.8, OCH2), 2.66 (2H, t, J 7.2, H-5), 2.56 (2H, q, J 7.2, H-4), 1.30 (3H, 
t, J 6.8, OCH2CH3); δC (100 MHz, CDCl3): 200.4 (CHO), 166.3 (C=O), 146.3 (C-3), 122.5 
(C-2), 60.4 (OCH2), 41.8 (C-5), 24.4 (C-4), 14.2 (OCH2CH3); m/z (EI): 156 (M+, 1<%), 155 
(45%), 141 (40%), 113 (75%), 108 (65%), 94 (100%), 67 (55%).  
 
5.29 General procedure for reductive amination 
 
7-Phenylamino-hept-2-enoic acid-ethylester, 259. 
2
13
4
N
H
OEt
O
 
In a two-neck 150 mL round bottom flask, equipped with stir bar and reflux 
condenser, aniline (852 µL, 8.1 mmol), aldehyde 258 (500 mg, 2.7 mmol) and magnesium 
sulphate (2 g) were dissolved in methanol (65 mL), and the reaction mixture was stirred at 
room temperature for 0.5 h. Sodium cyanoborohydride (252 mg, 4.1 mmol) was the added, 
and the mixture was heated to 65 °C for 20 h. Upon completion, solvent was removed 
under reduced pressure, and the residue was dissolved in 1 M HCl (30 mL) and swirled 
until gas evolution ceased. The solution was carefully neutralised using aqueous saturated 
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sodium bicarbonate solution, and then the mixture was extracted with EtOAc (4 x 30 mL). 
The combined organic layers were washed with brine, dried over Na2SO4, and the solvent 
was removed under reduced pressure to yield 259 (119 mg, 18%). Transparent oil; Rf = 0.1 
(Hexanes/ Et2O, 4:1); υmax (thin film, cm-1): 3394, 2982, 2937, 2861, 2252, 1711, 1654, 
1603, 1504, 1477, 1369, 1314, 1268, 1181, 1041, 983, 910, 735, 693, 648; δH (400 MHz, 
CDCl3): 7.23 (2H, t, J 7.4, H-3), 7.03 (1H, dt, J 6.8, 15.6, CH2CH=CH), 6.75 (1H, t, J 7.4, 
H-4), 6.64 (2H, d, J 7.4, H-2), 5.89 (1H, dt, J 1.4, 15.6, CH2CH=CH), 4.25 (2H, q, J 6.8, 
OCH2), 3.63 (1H, br s, NH), 3.17 (2H, t, J 6.4, NHCH2), 2.31 (2H, q, J 6.8, CH2CH=CH), 
1.66-1.68 (4H, m, NHCH2CH2CH2), 1.34 (3H, t, J 6.8, OCH2CH3); δC (100 MHz, CDCl3): 
166.6 (C=O), 148.7 (CH2CH=CH), 129.3 (C-3), 121.7 (C-1, CH2CH=CH), 117.3 (C-4), 
112.7 (C-2), 60.4 (OCH2), 43.7 (NHCH2), 31.9 (CH2CH=CH) 29.1 (NHCH2CH2), 25.6 
(CH2CH2CH=CH), 14.3 (OCH2CH3); m/z (EI): 247 (M+, 65%), 202 (25%), 132 (60%), 106 
(100%), 93 (30%), 77 (40%). Anal. Calcd for C15H21NO2: C, 72.84%: H, 8.56%: N, 5.66%. 
Found: C, 72.80%: H, 8.59%: N, 5.71%. 
 
 (1-Phenyl-piperidin-2-yl)-acetic acid-ethylester, 260. 
N
2 3
4
56
O
O
 
This compound was isolated from the previously described reaction. 260 (54 mg, 8%). 
Transapernt oil.; Rf = 0.3 (Hexanes/ Diethylether, 4:1); υmax (thin film, cm-1): 2979, 2936, 
2862, 2825, 2254, 1703, 1598, 1498, 1370, 1292, 1252, 1177, 1112, 1034, 991, 918, 753, 
733, 693, 647; δH (400 MHz, CDCl3): 7.29 (2H, t, J 8.0, Hmeta), 6.99 (2H, d, J 8.0, Hortho), 
6.86 (1H, t, J 8.0, Hpara), 4.40-4.42 (1H, m, H-2), 4.09 (2H, q, J 7.2, OCH2), 3.40 (1H, d, J 
12.0, H-6endo), 2.97 (1H, t, J 12.0, H-6exo), 2.60 (1H, dd, J 9.6, 14.8, CH2), 2.51 (1H, dd, J 
4.8, 14.8, CH2), 1.89-1.78 (6H, m, H-3, H-4, H-5), 1.25 (3H, t, J 7.2, OCH2CH3); δC (100 
MHz, CDCl3): 172.5 (C=O), 150.3 (Cipso), 129.2 (Cmeta), 119.2 (Cpara), 117.1 (Cortho), 60.4 
(OCH2), 53.2 (C-2), 44.0 (C-6), 32.8 (CH2), 28.8 (C-3), 25.5 (C-5), 19.2 (C-4), 14.2 
(OCH2CH3); m/z (EI): 247 (M+, 20%), 160 (100%), 132 (10%), 104 (15%), 77 (20%). Anal. 
Calcd for C15H21NO2: C, 72.84%: H, 8.56%: N, 5.66%. Found: C, 72.75%: H, 8.47%: N, 
5.56%. 
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E-6-(2-Bromo-phenylamino)-hex-2-enoic acid-ethylester, 273a. 
2
1
3
4
N
H
Br
5
6
OEt
O  
The previously described procedure was repeated using 2-bromoaniline (504 mg, 2.9 
mmol), aldehyde 258a (250 mg, 1.6 mmol) and sodium cyanoborohydride (150 mg, 2.4 
mmol) to yield 273a (295 mg, 59%). Transparent oil.; Rf = 0.2 (Hexanes/ DCM, 3:2); υmax 
(thin film, cm-1): 3404, 2933, 2861, 1720, 1656, 1593, 1511, 1459, 1317, 1273, 1201, 1169, 
1042, 1018, 980, 743, 657; δH (400 MHz, CDCl3): 7.44 (2H, t, J 8.0, H-3), 7.23 (1H, dt, J 
1.2, 8.4, H-5), 7.03 (1H, dt, J 6.8, 15.6, CH2CH=CH), 6.64 (2H, d, J 8.4, H-6), 6.61 (1H, dt, 
J 1.6, 8.0, H-4), 5.89 (1H, dt, J 1.6, 15.6, CH2CH=CH), 4.30 (1H, br s, NH), 4.24 (2H, q, J 
6.8, OCH2), 3.23 (2H, br m, NHCH2), 2.40 (2H, q, J 6.8, CH2CH=CH), 1.90 (2H, quintet, J 
7.2, NHCH2CH2), 1.33 (3H, t, J 6.8, OCH2CH3); δC (100 MHz, CDCl3): 166.5 (C=O), 
148.2 (CH2CH=CH), 144.8 (C-1), 132.4 (C-3), 128.5 (C-5), 122.2 (CH2CH=CH), 117.7 (C-
4), 111.2 (C-6), 109.7 (C-2), 60.3 (OCH2), 43.1 (NHCH2), 29.6 (CH2CH=CH) 27.6 
(NHCH2CH2), 14.3 (OCH2CH3); m/z (EI): 312 (M+, 2%), 311 (30%), 187 (98%), 184 
(100%), 105 (15%), 77 (22%). Anal. Calcd for C14H18BrNO2: C, 53.86%: H, 5.81%: N, 
4.49%. Found: C, 55.91%: H, 5.81%: N, 4.62%. 
 
E-7-(2-Bromo-phenylamino)-hept-2-enoic acid-ethylester, 273b. 
2
1
3
4
N
H
OEt
O
Br
5
6  
The previously described procedure was repeated using 2-bromoaniline (1.96 g, 11.4 
mmol), aldehyde 258b (700 mg, 3.8 mmol) and sodium cyanoborohydride (471 mg, 7.6 
mmol) to yield 273b (855 mg, 68%). Transparent oil.; Rf = 0.1 (Hexanes/ DCM, 3:2); υmax 
(thin film, cm-1): 3470, 3373, 2930, 2858, 1710, 1617, 1598, 1502, 1484, 1447, 1310, 1274, 
1192, 1159, 1042, 1017, 981, 743, 656; δH (400 MHz, CDCl3): 7.44 (2H, t, J 8.0, H-3), 7.21 
(1H, dt, J 1.2, 8.4, H-5), 6.97 (1H, dt, J 6.8, 15.6, CH2CH=CH), 6.65 (2H, d, J 8.4, H-6), 
6.60 (1H, dt, J 1.6, 8.0, H-4), 5.89 (1H, dt, J 1.6, 15.6, CH2CH=CH), 4.28 (1H, br s, NH), 
4.24 (2H, q, J 6.8, OCH2), 3.21 (2H, t, J 6.8, NHCH2), 2.32 (2H, q, J 6.8, CH2CH=CH), 
1.62-1.72 (4H, m, NHCH2CH2CH2), 1.33 (3H, t, J 6.8, OCH2CH3); δC (100 MHz, CDCl3): 
166.6 (C=O), 148.5 (CH2CH=CH), 144.9 (C-1), 132.4 (C-3), 128.5 (C-5), 121.8 
(CH2CH=CH), 117.6 (C-4), 111.2 (C-6), 109.7 (C-2), 60.2 (OCH2), 43.5 (NHCH2), 31.8 
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(CH2CH=CH) 28.7 (NHCH2CH2), 25.6 (CH2CH2CH=CH), 14.3 (OCH2CH3); m/z (EI): 326 
(M+, 2%), 325 (10%), 210 (20%), 184 (100%), 105 (14%), 77 (20%). Anal. Calcd for 
C15H20BrNO2: C, 55.23%: H, 6.18%: N, 4.29%. Found: C, 55.35%: H, 6.13%: N, 4.31%. 
 
5.30 Synthesis of 6-(2-Bromo-phenylamino)-3-ethoxy-hexanoicacid-ethylester, 
275. 
5
6
2
1
3
4
N
H
Br
OEt
OO
 
An oven-dried Young’s tube containing a stir bar, a rubber septum and KOtBu (22 
mg, 5 mol%) was purged and filled with nitrogen four times. Ethanol (3 mL) and the 
substrate 303b (307 mg, 0.98 mmol) were injected into the tube, which was sealed and 
refluxed for 22 hours. Upon completion, the reaction was quenched with saturated NH4Cl 
(aq) (2 mL) and extracted with DCM (10 mL). The organic layer was dried over Na2SO4, 
concentrated under vacuum and the material purified by column chromatography to afford 
305 (43 mg, 12%). Pale yellow oil.; Rf = 0.2 (Hexanes/ DCM, 8:1); υmax (thin film, cm-1): 
3214, 2813, 2382, 2315, 2255, 1748, 1708, 1593, 1502, 1456, 1373, 1319, 1201, 1164, 
1090, 1020, 911, 733, 563; δH (400 MHz, CDCl3): 7.44 (1H, d, J 7.6, H-3), 7.21 (1H, t, J 
8.4, H-5), 6.65 (1H, d, J 8.4, H-6), 6.59 (1H, t, J 7.6, H-4), 4.32 (1H, br s, NH), 4.20 (2H, q, 
J 7.2, OCH2), 3.83 (1H, quintet, J 6.4, CH), 3.54 (2H, m, CHOCH2), 3.23 (2H, br m, 
ArCH2), 2.63 (1H, dd, J 6.4, 15.2, CHCH2), 2.46 (1H, dd, J 6.4, 15.2, CHCH2), 1.65-1.83 
(4H, m, ArCH2CH2CH2), 1.30 (3H, t, J 7.2, OCH2CH3), 1.21 (3H, t, J 6.8, CHOCH2CH3); 
δC (100 MHz, CDCl3): 171.6 (C=O), 144.7 (C-1), 132.4 (C-3), 128.5 (C-5), 117.5 (C-4), 
111.2 (C-6), 109.6 (C-2), 75.8 (CH), 64.9 (OCH2), 60.5 (CHOCH2), 43.8 (NHCH2), 39.9 
(CHCH2), 32.0 (CH2CH), 25.0 (NHCH2CH2), 15.5 (OCH2CH3), 14.2 (CHOCH2CH3); m/z 
(EI): 358 (M+, 5%), 357 (25%), 328 (20%), 282 (30%), 186 (95%), 184 (100%), 157 
(45%), 111 (35%). Anal. Calcd for C16H24BrNO3: C, 53.64%: H, 6.75%: N, 3.91%. Found: 
C, 53.71%: H, 6.77%: N, 3.88%. 
 
 
 
 
 
207 
 
5.31 Synthesis of [1-(2-Bromo-phenyl)-pyrrolidin-2-yl]acetic acidethylester, 274. 
Br
N
O
O
1
2
3
4
5 6
7
8
9
10
11
12
13
 
An oven-dried Young’s tube containing a stir bar and a rubber septum was 
evacuated and backfilled with nitrogen four times. A solution of the substrate 273a (100 
mg, 0.3 mmol in anhydrous THF (4 mL)) was placed into the tube via syringe and the 
solution was cooled to -10°C using an ice-acetone bath. LiHMDS (1.0 M solution in THF, 
256 µL, 256mmol) was added to the solution, which was left to stir for 1 hour. The reaction 
was then allowed to warm to room temperature, the reaction was quenched with saturated 
NH4Cl (aq) (2 mL) and extracted with DCM (10 mL). The organic mixture was dried over 
Na2SO4, concentrated under vacuum and the residue purified by column chromatography to 
afford the desired substituted N-pyrrolidine 274 (78 mg, 78%). Pale yellow oil.; Rf = 0.1 
(Hexanes/ DCM, 6:4); υmax (thin film, cm-1): 3376, 3060, 2975, 2874, 2360, 1897, 1731, 
1585, 1474, 1436, 1372, 1314, 1245, 1193, 1155, 1101, 1026, 976, 849, 752, 720, 669; δH 
(400 MHz, CDCl3): 7.56 (1H, d, J 8.4, H-3), 7.26 (1H, t, J 6.8, H-5), 7.08 (1H, d, J 8.4, H-
6),  6.87 (1H, t, J 6.8, H-4), 4.22-4.25 (1H, m, H-10), 4.10 (2H, q, J 7.2, H-12), 3.88 (1H, 
dd, J 1.6, 6.4, H-7), 2.89-2.90 (1H, m, H-7), 2.59 (1H, dd, J 4.0, 15.2, H-11), 2.31-2.33 
(1H, m, H-9), 2.23 (1H, dd, J 9.2, 15.2, H-11), 1.98-2.02 (1H, m, H-8), 1.88-1.91 (1H, m, 
H-8), 1.72-1.73 (1H, m, H-9), 1.24 (3H, t, J 7.2, H-13); δC (100 MHz, CDCl3): 172.5 
(C=O), 147.4 (C-1), 134.2 (C-3), 127.8 (C-5), 123.2 (C-4), 120.9 (C-6), 118.5 (C-2), 60.3 
(C-12), 56.4 (C-10), 53.0 (C-7), 38.8 (C-11), 31.6 (C-9) 23.8 (C-8), 14.2 (C-13); m/z (EI): 
312 (M+, 5%), 282 (10%), 224 (100%), 184 (25%), 77 (20%). Anal. Calcd for 
C14H18BrNO2: C, 53.86%: H, 5.81%: N, 4.49%. Found: C, 53.82%: H, 5.71%: N, 4.49%. 
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5.32 Synthesis of [1-(2-Bromo-phenyl)-pyrrolidin-2-yl]-deutrio-acetic acid-
ethylester, 275. 
Br
N
O
O
1
23
4
5 6
7
8
9
10
11
12
13
2H
 
An oven-dried Young’s tube containing a stir bar and a rubber septum was purged 
and filled with nitrogen gas four times. Anhydrous THF (4 mL) and the substrate 274 (50 
mg, 0.16 mmol) were syringed into the tube and the solution cooled to -10°C using an ice-
acetone bath. LiHMDS ((1.0M THF), 94 µL, 0.56 mmol) was injected and the reaction 
mixture was left to stir for 0.5 hour. The reaction was quenched with D2O (1 mL) and 
extracted with DCM (10 mL). The organic layer was dried over Na2SO4, concentrated 
under vacuum and the material purified by column chromatography to afford the desired 
deuterated compound 275 (33 mg, 65%, 75% mono-deuteration). Pale yellow oil.; Rf = 0.3 
(Hexanes/ DCM, 1:1); δH (400 MHz, CDCl3): 7.55 (1H, d, J 8.0, H-3), 7.27 (1H, t, J 8.4, H-
5), 7.08 (1H, d, J 8.4, H-6),  6.87 (1H, t, J 8.0, H-4), 4.22-4.25 (1H, m, H-10), 4.10 (2H, q, 
J 7.2, H-12), 3.89 (1H, dd, J 1.6, 6.4, H-7), 2.89-2.92 (1H, m, H-7), 2.55-2.56 (1H, m, H-
11), 2.31-2.33 (1H, m, H-9), 1.98-2.02 (1H, m, H-8), 1.88-1.91 (1H, m, H-8), 1.72-1.73 
(1H, m, H-9), 1.24 (3H, t, J 7.2, H-13); δC (100 MHz, CDCl3): 172.0 (C=O), 147.3 (C-1), 
134.2 (C-3), 127.8 (C-5), 123.2 (C-4), 120.9 (C-6), 118.5 (C-2), 60.3 (C-12), 56.4 (C-10), 
53.0 (C-7), 38.8 (t, JC-D 19.7, C-11), 31.5 (C-9) 23.8 (C-8), 14.1 (C-13); m/z (EI): 313 (M+, 
5%), 312 (10%), 224 (60%), 124 (100%), 109 (45%), 69 (20%).  
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X-ray crustal structure of Copper(II)(bis(1,2-diphenylphosphino)ethane-
oxide)2(trifluoromethanesulfonate)2 [Cu(odppe)2(OTf)]+ [OTf]- 186. 
 
 
 
Table 1. Crystal data and structure refinement for 186. 
 
Identification code MH0701 
Empirical formula [C53 H48 Cu F3 O7 P4 S](CF3SO3) 
 . 0.5H2O 
Formula weight 1231.47 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 12.0517(10) Å α = 95.503(13)° 
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 b = 12.3963(17) Å β = 105.292(10)° 
 c = 21.076(4) Å γ = 109.659(11)° 
Volume, Z 2800.5(7) Å3, 2 
Density (calculated) 1.460 Mg/m3 
Absorption coefficient 0.656 mm-1 
F(000) 1264 
Crystal colour / morphology Colourless tablets 
Crystal size 0.21 x 0.14 x 0.02 mm3 
 range for data collection 3.73 to 31.97° 
Index ranges -17<=h<=17, -17<=k<=18, -31<=l<=31 
Reflns collected / unique 35725 / 17472 [R(int) = 0.0528] 
Reflns observed [F>4(F)] 8904 
Absorption correction Analytical 
Max. and min. transmission 0.985 and 0.908 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 17472 / 1102 / 797 
Goodness-of-fit on F2 1.030 
Final R indices [F>4(F)] R1 = 0.0754, wR2 = 0.1648 
R indices (all data) R1 = 0.1597, wR2 = 0.1932 
Largest diff. peak, hole 0.750, -0.675 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
Table 2. Bond lengths [Å] and angles [°] for 186. 
 
Cu-O(1) 1.931(3) 
Cu-O(31) 1.933(3) 
Cu-O(34) 1.985(3) 
Cu-O(61) 2.000(3) 
Cu-O(4) 2.129(3) 
O(1)-P(1) 1.509(3) 
P(1)-C(5) 1.776(3) 
P(1)-C(2) 1.795(4) 
P(1)-C(11) 1.799(4) 
P(1)-C(5') 1.829(8) 
C(2)-C(3) 1.562(7) 
C(3)-P(4) 1.795(5) 
P(4)-O(4) 1.509(3) 
P(4)-C(23) 1.797(5) 
P(4)-C(17) 1.798(5) 
212 
 
C(5)-C(6) 1.3900 
C(5)-C(10) 1.3900 
C(6)-C(7) 1.3900 
C(7)-C(8) 1.3900 
C(8)-C(9) 1.3900 
C(9)-C(10) 1.3900 
C(5')-C(6') 1.3900 
C(5')-C(10') 1.3900 
C(6')-C(7') 1.3900 
C(7')-C(8') 1.3900 
C(8')-C(9') 1.3900 
C(9')-C(10') 1.3900 
C(11)-C(16) 1.387(6) 
C(11)-C(12) 1.408(6) 
C(12)-C(13) 1.365(7) 
C(13)-C(14) 1.379(8) 
C(14)-C(15) 1.358(8) 
C(15)-C(16) 1.385(7) 
C(17)-C(22) 1.399(7) 
C(17)-C(18) 1.399(7) 
C(18)-C(19) 1.419(8) 
C(19)-C(20) 1.374(9) 
C(20)-C(21) 1.350(9) 
C(21)-C(22) 1.405(8) 
C(23)-C(28) 1.395(7) 
C(23)-C(24) 1.399(6) 
C(24)-C(25) 1.386(7) 
C(25)-C(26) 1.379(8) 
C(26)-C(27) 1.383(8) 
C(27)-C(28) 1.380(7) 
O(31)-P(31) 1.501(3) 
P(31)-C(41) 1.791(4) 
P(31)-C(35) 1.792(4) 
P(31)-C(32) 1.805(4) 
C(32)-C(33) 1.564(6) 
C(33)-P(34) 1.789(4) 
P(34)-O(34) 1.508(3) 
P(34)-C(53') 1.789(8) 
P(34)-C(47) 1.799(5) 
P(34)-C(53) 1.807(3) 
C(35)-C(40) 1.395(6) 
C(35)-C(36) 1.399(6) 
C(36)-C(37) 1.401(6) 
C(37)-C(38) 1.368(8) 
C(38)-C(39) 1.383(8) 
C(39)-C(40) 1.396(7) 
C(41)-C(46) 1.385(6) 
C(41)-C(42) 1.401(6) 
C(42)-C(43) 1.399(6) 
C(43)-C(44) 1.369(7) 
C(44)-C(45) 1.377(7) 
C(45)-C(46) 1.400(6) 
C(47)-C(48) 1.386(7) 
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C(47)-C(52) 1.388(6) 
C(48)-C(49) 1.380(7) 
C(49)-C(50) 1.379(8) 
C(50)-C(51) 1.394(8) 
C(51)-C(52) 1.388(7) 
C(53)-C(54) 1.3900 
C(53)-C(58) 1.3900 
C(54)-C(55) 1.3900 
C(55)-C(56) 1.3900 
C(56)-C(57) 1.3900 
C(57)-C(58) 1.3900 
C(53')-C(54') 1.3900 
C(53')-C(58') 1.3900 
C(54')-C(55') 1.3900 
C(55')-C(56') 1.3900 
C(56')-C(57') 1.3900 
C(57')-C(58') 1.3900 
O(61)-S(60) 1.357(4) 
O(61)-S(60') 1.437(5) 
O(61)-S(60") 1.516(5) 
S(60)-O(63) 1.437(7) 
S(60)-O(62) 1.464(7) 
S(60)-C(60) 1.812(9) 
C(60)-F(63) 1.310(10) 
C(60)-F(62) 1.331(9) 
C(60)-F(61) 1.333(10) 
S(60')-O(63') 1.381(10) 
S(60')-O(62') 1.476(10) 
S(60')-C(60') 1.803(11) 
C(60')-F(61') 1.321(11) 
C(60')-F(63') 1.330(11) 
C(60')-F(62') 1.339(11) 
S(60")-O(62") 1.392(10) 
S(60")-O(63") 1.414(10) 
S(60")-C(60") 1.821(11) 
C(60")-F(62") 1.318(12) 
C(60")-F(63") 1.332(11) 
C(60")-F(61") 1.333(11) 
S(70)-O(73) 1.427(6) 
S(70)-O(72) 1.433(5) 
S(70)-O(71) 1.447(5) 
S(70)-C(70) 1.838(9) 
C(70)-F(71) 1.308(8) 
C(70)-F(73) 1.329(9) 
C(70)-F(72) 1.334(10) 
S(70')-O(72') 1.415(12) 
S(70')-O(73') 1.443(12) 
S(70')-O(71') 1.447(12) 
S(70')-C(70') 1.795(17) 
C(70')-F(73') 1.318(13) 
C(70')-F(71') 1.336(13) 
C(70')-F(72') 1.339(13) 
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O(1)-Cu-O(31) 163.41(11) 
O(1)-Cu-O(34) 89.94(12) 
O(31)-Cu-O(34) 94.20(12) 
O(1)-Cu-O(61) 83.29(13) 
O(31)-Cu-O(61) 86.58(13) 
O(34)-Cu-O(61) 156.47(17) 
O(1)-Cu-O(4)             95.85(12) 
O(31)-Cu-O(4) 99.32(11) 
O(34)-Cu-O(4) 99.16(14) 
O(61)-Cu-O(4) 103.92(17) 
P(1)-O(1)-Cu             133.32(18) 
O(1)-P(1)-C(5) 112.6(2) 
O(1)-P(1)-C(2) 112.36(18) 
C(5)-P(1)-C(2) 108.5(3) 
O(1)-P(1)-C(11) 107.51(18) 
C(5)-P(1)-C(11) 108.8(2) 
C(2)-P(1)-C(11) 106.9(2) 
O(1)-P(1)-C(5') 107.4(4) 
C(5)-P(1)-C(5') 11.6(6) 
C(2)-P(1)-C(5') 119.8(5) 
C(11)-P(1)-C(5') 101.7(7) 
C(3)-C(2)-P(1) 110.0(3) 
C(2)-C(3)-P(4) 115.0(3) 
O(4)-P(4)-C(3) 113.91(19) 
O(4)-P(4)-C(23) 110.5(2) 
C(3)-P(4)-C(23) 108.6(2) 
O(4)-P(4)-C(17) 111.3(2) 
C(3)-P(4)-C(17) 104.4(2) 
C(23)-P(4)-C(17) 107.8(2) 
P(4)-O(4)-Cu             141.19(19) 
C(6)-C(5)-C(10) 120.0 
C(6)-C(5)-P(1) 116.1(3) 
C(10)-C(5)-P(1) 123.9(3) 
C(5)-C(6)-C(7) 120.0 
C(8)-C(7)-C(6) 120.0 
C(7)-C(8)-C(9) 120.0 
C(10)-C(9)-C(8) 120.0 
C(9)-C(10)-C(5) 120.0 
C(6')-C(5')-C(10') 120.0 
C(6')-C(5')-P(1) 118.1(6) 
C(10')-C(5')-P(1) 121.9(6) 
C(5')-C(6')-C(7') 120.0 
C(6')-C(7')-C(8') 120.0 
C(9')-C(8')-C(7') 120.0 
C(10')-C(9')-C(8') 120.0 
C(9')-C(10')-C(5') 120.0 
C(16)-C(11)-C(12) 119.4(4) 
C(16)-C(11)-P(1) 118.7(3) 
C(12)-C(11)-P(1) 121.9(3) 
C(13)-C(12)-C(11) 119.7(5) 
C(12)-C(13)-C(14) 120.2(5) 
C(15)-C(14)-C(13) 120.8(5) 
C(14)-C(15)-C(16) 120.4(5) 
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C(15)-C(16)-C(11) 119.5(4) 
C(22)-C(17)-C(18) 118.5(5) 
C(22)-C(17)-P(4) 119.7(4) 
C(18)-C(17)-P(4) 121.8(4) 
C(17)-C(18)-C(19) 119.2(6) 
C(20)-C(19)-C(18) 121.0(6) 
C(21)-C(20)-C(19) 119.9(7) 
C(20)-C(21)-C(22) 121.1(6) 
C(17)-C(22)-C(21) 120.3(6) 
C(28)-C(23)-C(24) 118.6(4) 
C(28)-C(23)-P(4) 117.5(3) 
C(24)-C(23)-P(4) 123.8(4) 
C(25)-C(24)-C(23) 119.3(5) 
C(26)-C(25)-C(24) 121.3(5) 
C(25)-C(26)-C(27) 119.9(5) 
C(28)-C(27)-C(26) 119.3(5) 
C(27)-C(28)-C(23) 121.6(5) 
P(31)-O(31)-Cu 144.69(17) 
O(31)-P(31)-C(41) 109.55(17) 
O(31)-P(31)-C(35) 112.09(18) 
C(41)-P(31)-C(35) 106.64(18) 
O(31)-P(31)-C(32) 113.08(18) 
C(41)-P(31)-C(32) 107.79(19) 
C(35)-P(31)-C(32) 107.4(2) 
C(33)-C(32)-P(31) 112.7(3) 
C(32)-C(33)-P(34) 114.6(3) 
O(34)-P(34)-C(33) 113.91(19) 
O(34)-P(34)-C(53') 107.0(7) 
C(33)-P(34)-C(53') 111.5(5) 
O(34)-P(34)-C(47) 111.7(2) 
C(33)-P(34)-C(47) 107.0(2) 
C(53')-P(34)-C(47) 105.5(6) 
O(34)-P(34)-C(53) 113.6(3) 
C(33)-P(34)-C(53) 104.7(3) 
C(53')-P(34)-C(53) 7.5(8) 
C(47)-P(34)-C(53) 105.3(2) 
P(34)-O(34)-Cu 145.62(19) 
C(40)-C(35)-C(36) 119.8(4) 
C(40)-C(35)-P(31) 122.2(3) 
C(36)-C(35)-P(31) 117.9(3) 
C(35)-C(36)-C(37) 119.4(5) 
C(38)-C(37)-C(36) 120.3(5) 
C(37)-C(38)-C(39) 120.9(5) 
C(38)-C(39)-C(40) 119.8(5) 
C(35)-C(40)-C(39) 119.8(5) 
C(46)-C(41)-C(42) 119.9(4) 
C(46)-C(41)-P(31) 121.2(3) 
C(42)-C(41)-P(31) 118.9(3) 
C(43)-C(42)-C(41) 118.9(4) 
C(44)-C(43)-C(42) 120.8(5) 
C(43)-C(44)-C(45) 120.6(4) 
C(44)-C(45)-C(46) 119.7(5) 
C(41)-C(46)-C(45) 120.1(4) 
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C(48)-C(47)-C(52) 120.0(4) 
C(48)-C(47)-P(34) 120.9(3) 
C(52)-C(47)-P(34) 118.8(4) 
C(49)-C(48)-C(47) 120.2(5) 
C(50)-C(49)-C(48) 120.0(5) 
C(49)-C(50)-C(51) 120.5(5) 
C(52)-C(51)-C(50) 119.3(5) 
C(47)-C(52)-C(51) 120.0(5) 
C(54)-C(53)-C(58) 120.0 
C(54)-C(53)-P(34) 120.1(2) 
C(58)-C(53)-P(34) 119.9(3) 
C(53)-C(54)-C(55) 120.0 
C(54)-C(55)-C(56) 120.0 
C(57)-C(56)-C(55) 120.0 
C(56)-C(57)-C(58) 120.0 
C(57)-C(58)-C(53) 120.0 
C(54')-C(53')-C(58') 120.0 
C(54')-C(53')-P(34) 120.3(6) 
C(58')-C(53')-P(34) 119.7(6) 
C(55')-C(54')-C(53') 120.0 
C(54')-C(55')-C(56') 120.0 
C(57')-C(56')-C(55') 120.0 
C(56')-C(57')-C(58') 120.0 
C(57')-C(58')-C(53') 120.0 
S(60)-O(61)-S(60') 50.1(2) 
S(60)-O(61)-S(60") 38.48(19) 
S(60')-O(61)-S(60") 34.46(19) 
S(60)-O(61)-Cu 138.3(3) 
S(60')-O(61)-Cu 155.3(3) 
S(60")-O(61)-Cu 130.9(3) 
O(61)-S(60)-O(63) 125.8(5) 
O(61)-S(60)-O(62) 106.1(5) 
O(63)-S(60)-O(62) 113.6(7) 
O(61)-S(60)-C(60) 101.0(4) 
O(63)-S(60)-C(60) 104.2(5) 
O(62)-S(60)-C(60) 103.0(4) 
F(63)-C(60)-F(62) 108.3(9) 
F(63)-C(60)-F(61) 106.2(9) 
F(62)-C(60)-F(61) 108.6(8) 
F(63)-C(60)-S(60) 111.9(7) 
F(62)-C(60)-S(60) 110.4(7) 
F(61)-C(60)-S(60) 111.3(7) 
O(63')-S(60')-O(61) 119.9(9) 
O(63')-S(60')-O(62') 116.6(9) 
O(61)-S(60')-O(62') 106.1(6) 
O(63')-S(60')-C(60') 106.0(9) 
O(61)-S(60')-C(60') 102.8(4) 
O(62')-S(60')-C(60') 103.2(7) 
F(61')-C(60')-F(63') 107.4(10) 
F(61')-C(60')-F(62') 105.4(9) 
F(63')-C(60')-F(62') 106.3(10) 
F(61')-C(60')-S(60') 113.4(8) 
F(63')-C(60')-S(60') 112.8(8) 
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F(62')-C(60')-S(60') 111.0(8) 
O(62")-S(60")-O(63") 118.9(9) 
O(62")-S(60")-O(61) 117.2(8) 
O(63")-S(60")-O(61) 109.1(6) 
O(62")-S(60")-C(60") 105.0(9) 
O(63")-S(60")-C(60") 104.9(7) 
O(61)-S(60")-C(60") 98.8(4) 
F(62")-C(60")-F(63") 107.0(11) 
F(62")-C(60")-F(61") 106.9(10) 
F(63")-C(60")-F(61") 105.9(9) 
F(62")-C(60")-S(60") 112.1(9) 
F(63")-C(60")-S(60") 113.3(8) 
F(61")-C(60")-S(60") 111.2(9) 
O(73)-S(70)-O(72) 115.0(4) 
O(73)-S(70)-O(71) 116.7(4) 
O(72)-S(70)-O(71) 114.8(4) 
O(73)-S(70)-C(70) 104.0(4) 
O(72)-S(70)-C(70) 101.6(4) 
O(71)-S(70)-C(70) 101.6(4) 
F(71)-C(70)-F(73) 108.4(7) 
F(71)-C(70)-F(72) 109.6(8) 
F(73)-C(70)-F(72) 105.6(8) 
F(71)-C(70)-S(70) 111.2(6) 
F(73)-C(70)-S(70) 112.1(7) 
F(72)-C(70)-S(70) 109.7(5) 
O(72')-S(70')-O(73') 115.3(11) 
O(72')-S(70')-O(71') 114.3(11) 
O(73')-S(70')-O(71') 112.5(11) 
O(72')-S(70')-C(70') 105.9(9) 
O(73')-S(70')-C(70') 102.9(9) 
O(71')-S(70')-C(70') 104.3(10) 
F(73')-C(70')-F(71') 106.6(12) 
F(73')-C(70')-F(72') 105.4(12) 
F(71')-C(70')-F(72') 106.2(12) 
F(73')-C(70')-S(70') 114.3(11) 
F(71')-C(70')-S(70') 111.7(11) 
F(72')-C(70')-S(70') 112.1(11) 
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